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Abstract 
In this thesis, the ab initio molecular orbital method, Gaussian-2 (G2) and 
Gaussian-3 (G3), have been applied to structural and energetics studies for some 
chemical species. These studies include: (i) carbonyl chloride radical, oxalyl chloride 
and their singly charged cations; (ii) N5 isomers, their cations and anions; (iii) 
hydrochlorofluorosilanes, i.e. SiHnFmCI4-n-m; where n,m = 0,1, ... 4, and their cations and 
anions. Moreover, combining with the experimental data obtained by our collaborators, 
the G3 method has also been applied to the studies: (iv) photodissociation of thiirane 
(c-C2H4S); and (v) dissociative photoionization of chloropropylene oxide (c-C3H5CIO). 
In general, good to excellent agreement between the G 3 results and available 
experimental data has been obtained in these studies. Since the G3 method is a newly 
introuduced theoretical procedure, and only a few of studies using this procedure have 
been reported, the aforementioned agreement reported in this thesis may be taken as the 
evidence for the success of the G 3 theory. 
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於本論文中， 我們利用了兩種從頭計算法的分子軌道模型 (Gaussian-2 及
Gaussian-3) 對一系列的化學物質進行研究。這些研究包括: (i) CICO (氯氧化
碳基)和 (CICO)2 (二氣化乙二目的，以及它們的陽離子; (ii) N5 份子的異構物
和它們的陽離子及陰離子之結構及力能學研究以及 (iii) 各種不同組合的氫氯
氣化甲矽;院， (即 S iHnF m C 14-n-rr 
子的熱化學研究。 此外，基於從合作伙伴中取得的實驗結果，我們對 (iv)
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"-' One of the main objectives for model chemistry is to provide a reliable estimate 
for the energy of a molecule, and several theoretical procedures based on different 
approaches have been introduced to achieve this goal. l - 15 The series of the Gaussian-n 
(Gn) theoretical procedures6-15 is one of the most widely used ab initio methods capable 
of yielding accurate estimates for molecular energies. 
In the last decade, Pop le and co-workers have devoted a lot of efforts to the 
development of the Gn theoretical procedures. These theoretical procedures include: 
Gaussian-l (G 1),6,7 Gaussian-2 (G2)8,9 and Gaussian-3 (G3)1O methods, as well as their 
variants. Using these general theoretical procedures, the calculated energies of a variety 
, 
of molecular systems are expected to have an average absolute deviation from experiment 
in the order of 10-15 kJ mor 1 . The Gaussian-n techniques, based on a series of 
additivity approximations,12,13 consist of a sequence of well-defined calculations so as to 
arrive at a total energy for a given molecular species. 
The G 1 method is the first member of this series of theoretical procedures. 
Compared with G2 and G3, the G 1 method usually yields less accurate results and is 
more computationally demanding. However, this method has not been used in the 
projects presented within this thesis. For the sake of completeness of discussion for the 
series of the Gn theoretical procedures, in addition to the G2 and G3 methods, the 
mathematical details of the G 1 theory are also given in Appendix A for reference. 
In this thesis, we mainly use the G3 method and its variants to study the 
'structures, reactions, and energetics of a number of molecular systems. In addition to G3, 
the well-known G2 method has also been used to investigate the carbonyl chloride 
radical and oxalyl chloride system. 
1.1 The Gaussian-2 Method 
The Gaussian-2 (G2) energy is an approximation of the molecular energy at the 
QCISD(T)/6- 311 +G(3df,2p) level. Based on the geometry optimized at the 
MP2(full)/6- 31 G( d) level, a series of single-point energy calculations at the 
QCISD(T)/6-311G(d,p), MP4/6-311 G(d,p), MP4/6-311 +G(d,p), MP4/6-311 G(2df,p), 
1 
and MP2/6-311 +G(3df,2p) levels are required for the G2 calculations. In order to 
account for basis set deficiencies, an empirical higher-level correction (HLC) is then 
added to yield electronic energy (Ee) , where HLC (in hartree) = 
-4.81~10-3na-O.l9Xl0-3np, in which na and np are the number of a and ~ electrons, 
respectively, with na ~ np. In addition, the zero-point vibrational energy (ZPVE) 
obtained from the HF/6-31 G(d) harmonic vibrational frequencies, scaled by 0.8929, is 
then added to give total energy (Eo), i.e. Eo = Ee + ZPVE. 
The G2 theory has been used to calculated molecular energIes, such as 
atomization energies,7,13 ionization energies,7,14 proton affinitie~,7,14 and electron 
affinities,7 of 125 molecules for which theses quantities have been well established 
experimentally. The average absolute deviation is about 5.0 kJ mOrl. 
1.2 The Gaussian-3 Method 
It is known that, the G2 method yields results with systematic errors for certain 
kinds of species, such as chlorofluoromethanes. 15 In late 1998, Pople and co-workers 
introduced the G 3 theoretical procedure, which shows a remarkable improvement to the 
accuracy and computational efficiency over the G2 method. 
The G3 method is an approximation for the QCISD(T,full)/G3Iarge energy, where 
G3large is a modified 6-311 +G(3df,2p) basis set (see below). For the G3 method, based 
on the geometry of a molecular optimized at the MP2( full)/6-31 G( d) level, a series of 
single-point calculations at the levels of QCISD(T)/6-31 G(d), MP4/6-31G(d), 
MP4/6-31 +G(d), MP4/6-31G(2df,p), and MP2(full)/G3Iarge are required. Again, a 
HLC is then added to give Ee. However, this HLC is different form that of G2 and 
calculated by the formula: -6.386xl0-3np-2 ~997xl0-3(na-np). The HF/6-31 G( d) 
vibrational frequencies, scaled by 0.8929, are applied for the zero-point vibrational 
energy (ZPVE) correction at 0 K to give the Eo of the molecule, i.e. Eo = Ee + ZPVE. 
The G3 theory is significantly different from the G2 theory in several ways: 
firstly, the G3 method is an approximation of the QCISD(T,full) level, while G2 is an 
approximation of the frozen-core QCISD(T) level. Secondly, the double zeta basis, i.e. 
6-31 G( d), instead of triple zeta basis, i.e. 6-311 G( d) in G2, is used to obtain the series of 
the single-point calculations. Thirdly, the largest basis set used at MP2 level in the G2 
method is 6-311 +G(3df,2p). In the G3 theory, this basis set is replaced by the 
2 
aforementioned G3large basis set, which includes more polarization functions for 
second-row (3d2f) elements, but less for the first-row (2df). 
Moreover, for G3, all electrons are included for correlation at this last-mentioned 
MP2 _~alculation, i.e. MP2(full)/G31arge, so as to take the correlation effect for core 
electrons into account. In contrast, the frozen-core assumption has been employed in all 
the single-point calculations required by G2. Finally, for the G2 method, the spin-orbit 
coupling effect in atomic species is neglected. In contrast, for G3, a spin-orbit coupling 
correction is added to the total energy so as to include this effect for atomic species. 
The G3 procedure is more accurate than G2. Its mean absolute deviation is 4.5 kJ 
mOr 1,9 as compared with 5.0 kJ mor] for G2, for the same set of molecular energies. 
Detailed methodology of the G3 procedure can be found in Appendix A. 
1.3 The G3 Method with Reduced Moller-Plesset Order and Basis Set 
Even though the G3 method has a significant improvement in the computational 
efficiency, it is still forbiddingly expensive for many interesting molecules. 
Consequently, an economical variant, the G3(MP2) method,lo has been introduced by 
Pople et al recently. 
To calculated the G3(MP2) energy for a molecule, based on the geometry 
optimized at the MP2( full)/6- 31 G( d) level, two single-point calculations at the 
QCISD(T)/6-31G(d) and MP2/G3MP2Iarge levels are carried out, where G3MP2large is 
the same as the aforementioned G3large basis set except the core polarization function 
have been removed.1O A HLC is also included to give the Ee of the molecule, where HLC 
= -9.279xl0-3n~-4.471xl0-3(na-n~). Similar to the G3 method, the HF/6-31G(d) 
vibrational frequencies, scaled by 0.8929, are applied for the zero-point vibrational 
energy (ZPVE) correction at 0 K to give the total energy of (Eo) for the molecule, i.e. Eo = 
Ee+ZPVE. 
It is noted that the G3(MP2) is able to yield results with average absolute 
deviations of 5.4 kJ mor 1, when compared wit~ the 299 energies determined by 
experiments. 10 
1.4 Calculation of Thermochemical Data 
Unless specified otherwise in different parts of the thesis, the heats of formation 
of a species at temperature T (t1lfOrr) in this thesis were calculated in the following 
3 
manner. For molecule AB, its Gn Lllrrr was calculated from the Gn heat of reaction, 
LllrrT (A + B -7 AB), and the respective experimental Lllrrr(A) and Lllrrr(B) for 
elements A and B. In the calculations for ionic species, the Lllrrr for a free electron was 
set to be zero. 
- - ~" 
1.5 Remark on the Location of Transition Structures 
A number of transition structures (TSs) have been identified in this thesis. For a 
given TS, the "reactants" and "products" are confirmed by intrinsic reaction coordinate 
calculations. Also, for the dissociation channel we claim to involve only bond breaking 
and no TSs, we did try to locate the TSs for them and found none. 
1.6 Scope of the Thesis 
In the following chapters, the calculation results of a number of novel molecular 
systems will be discussed. In Chapter 2, the structure and energetics of the CICO radical 
and its dimer, i.e. (CICO)2, as well as their cations, are studied by both of the G2 and G3 
methods. The relative merits of these two methods are then assessed in this work as well. 
In Chapter 3, the structure and energetics for a variety of N5 isomers, as well as their 
cations and anions, have been investigated by using both the G3 and G3(MP2) methods. 
In Chapter 4, the structural and energetics studies for the 15 neutral 
hydrochlorofluorosilanes, i.e. SiHnFnCI4-n-m , where n, m ~O, 1 , ... 4, their cations and 
anions, as well as their protonated and deprotonated species, are carried out using the G 3 
and G3(MP2) methods. The photodissociation channels of thiirane, i.e. c-C2f4S, and the 
dissociative photoionization processes of chloropropylene oxide, i.e. c-C3H5CIO, will be 
discussed in Chapter 5 and Chapter 6 respectively. Finally, a conclusion will be given at 
Chapter 7. 
Editorial Note: Each chapter of this thesis should be treated as separate entity. In other 
words, it has its · own numbering system for molecular species, equations, tables, figures, 
and references. 
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Chapter 2 
Energetics and Structures of the Carbonyl Chloride Radical, 
Oxalyl Chloride, and Their Cations 
Abstnict 
A theoretical study on the structures and energetics of the carbonyl chloride 
radical and its dimer, oxalyl chloride, along with their cations, was carried out by using 
the Gaussian-2 (G2) and Gaussian-3 (G3) level of theory. In this work, the optimized 
structural parameters are in very good accord with the available experimental data. For 
oxalyl chloride, in addition to the anti and syn conformers, a gauche conformer as well as 
the gauche-anti transition structure were located at the MP2(full)/6-311 +G(3df,2p) level. 
Also, it was found that the gauche conformer lies in a very shallow potential minimum. 
The energetic results reported include the heats of fonrtation for CICO, various (CICO)2 
conformers and transition structures, CICO+, and (CICO)2 +, as well as the' adiabatic and 
vertical ionization energies of CICO and (CICO)2. These results are in very good 
agreement with the available experimental data. Hence, for those quantities with no 
known experimental results, the G2 and G3 values should be reliable estimates. 
2.1 Introduction 
The carbonyl chloride free radical, CICO, . was first postulated to be an 
intermediate in the reaction of Ch and CO to form phosgene about 70 years ago. I ,2 
However, the CICO radical was not directly observed until 1965. When Cl atoms were 
produced by the photolysis of HCI, Ch, ChCO, and (CICO)2 ( oxalyl chloride) in a matrix 
at 14 K, the Cl atoms reacted with CO to form CICO, with no activation energy required.3 
In the same experiment, the infrared spectrum of CICO was also recorded. More 
recently, in a photodissociation dynamics study of oxaly I chloride, the upper bound of the 
ionization energy (lE) of CICO was estimated to be 11.5 ± 0.3 eVe Also, since the 
Franck-Condon factors are not known, the true lE "could be somewhat lower.,,4 In 
addition, there is a significant discrepancy between the heats of formation at 298 K 
(Mrf298) for this radical reported in the literature: -16.7 ± 12.6 kJ mor I 5 and -62.8 ± 42 
kJ mOrl.6 More recently, Wine and co-workers7 have measured the L1I-rro and flI-rf298 
values for CICO to be -23.4 ± 2.9 and -21.8 ± 2.5 kJ mOrI, respectively. In this work, 
among other things, we wish to resolve the difference among the measured experimental 
data. 
6 
The dimer of the CICO radical, oxalyl chloride, is an interesting molecule by its 
own right. For the past 45 years, there have been numerous studies on the internal 
rotation around the carbon-carbon bond. Experimentally, in addition to the anti 
conformer (with the dihedral angle CICCCI equal to 180°), there appears to be a gauche 
--" .... 
conformer with this dihedral angle being about 80°.8,9 On the other hand, a number of 
theoretical attempts to locate this gauche conformer failed. In 1995, Hedberg and 
co-workers9 finally located this conformer at the MP2(full)/TZ2P level. At this level of 
theory, the gauche conformer has a CICCCI dihedral angle of 89.8° and the gauche-anti 
barrier is only about 0.13 kJ mor 1 . Hence, while theory and experiment agree 
qualitatively on the existence of the gauche conformer, the theoretical evidence for this 
existence is very tenuous indeed. Here, we performed calculations at higher levels with 
the hope of establishing the existence of the gauche conformer on a firmer basis. 
To sum up, in this work, ab initio structural and energetic studies on carbonyl 
. 
chloride radical and oxalyl chloride, as well as their cations, have been carried out. The 
computational models employed are the Gaussian-2 (G2)10 and the Gaussian-3 (G3)11 
methods. In this chapter, the optimized structures and the f1J-? f values for all these 
species, along with the adiabatic and vertical IEs for CICO and anti (CICO)2, are 
reported. Where applicable, the comparison between these results with available 
experimental data has also been done. In addition, the relative merits of the G2 and G3 
methods have been assessed by using the calculated results. 
2.2 Computational Methods 
All calculations were carried out on DEC 500au, IBM RS6000/390 and SGI 
10000 workstations, and SOl Origin 2000 High Performance Server, using the Gaussian 
94 package of the programs. 12 
The energies of the species involved in this work were calculated by the 
Oaussian-2 (02) and Oaussian-3 (G3) methods. (details described in Section 1.1 and 
1.2) 
Unless otherwise stated, all structures involved in this work were optimized at the -
second-order M011er-Plesset theory (MP2) using the 6-310(d) basis set with all 
electrons included for correlation, i.e. at the MP2(full)/6-31 O( d) level. As mentioned 
earlier, the gauche conformer of oxalyl chloride and the transition structure (TS) linking 
the gauche and anti conformers of this compound could not be located at many levels of 
7 
theory,9 including MP2(full)/6-31G(d). In this work, we optimized the geometries of 
these three structures (anti, TS, and gauche) at the MP2(full)/6-311 +G(3df,2p) level. 
Additionally, we characterized these stationary points as minimums and first-order 
saddle point by vibrational frequency calculations. Then we carried out the G2 and G3 
calculations with geometries optimized at this level. Also, for the temperature 
dependence and ZPVE corrections, we used the vibrational frequencies calculated at the 
MP2(full)/6-311 +G(3df,2p) level, scaled by a factor of 0.97.13 
2.3 Results and Discussion 
The optimized structures of CICO, CICO+, various conformers of (CICO)2, and 
(CICO)2 + are shown in Figure 1. 
2.3.1 Carbonyl Chloride Radical and Its Cation 
The G2 and G3 total energies (Eo), enthalpies (H298), Mr ID and Mr t298 values for 
CICO, CICO+, as well as the adiabatic and vertical IEs (lEa and IEv) of CICO, are 
displayed in Table 1. 
Table 1: G3 and G2 Total Energiesa and Enthalpies (Eo and H29S), and Standard 
Heats of Formation at 0 K and 298 K (tlifOro and tlifOf29S) for CICO/CICO+, as well 
as the Adiabatic and Vertical Ionization Energies (lEa and IEv) of CICOb 
Species Eo 
-572.96401 -572.95960 









«11.5 ± 0.3/ 
a Calculated using geometries optimized at the MP2(full)/6-3IG(d) level ; G3 energies are shown in bold font, and G2 
energies are in italic font. "Experimental values, where available, are given in brackets. C:Ref. 5. "Ref. 6. t'Ref. 7. fRef. 4; 
note that this is an upper bound value. 
Examining the structures of CICO and CICO+ displayed in Figure 1, the 
geometrical features are what would be expected from elementary bonding theory such as 
the valence-shell-electron-pair-repulsion model. 14 Specifically, for CICO, the 
carbon-chlorine and carbon-oxygen bonds are single and double bonds, respectively, 
while the lone electron on carbon is responsible for the bent geometry. For CICO+, 
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Figure 1. The structures of CICO (1), CICO+ (2), anti (CICO)2 (3), (CICO)2 + (4), syn 
(CICO)2 (5), gauche (CICO)2 (6), and the gauche-anti (CICO)2 transition structure (7), 
unless stated otherwise, were optimized at the MP2(full)/6-31 G( d) level. The structural 
parameters which were optimized at the MP2(full)/6-311+G(3df,2p) level are given in italic 
font, and the experimental value (Ref. 9) are also provided in brackets. 
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non-bonding electron on carbon, leading to a linear geometry. These general 
descriptions are supported by the following quantitative results. At the G2 and G3 levels, 
dissociation energy Do(CI-CO) is calculated to be 25.1 and 26.3 kJ mOrI, respectively, 
in very good agreement with the experimental value of 27 kJ mOrI. For CICO+, at the G2 
and 03 levels, dissociation energy Do(CI+=CO) is 466.0 and 471.0 kJ mOrI, respectively. 
These values are comparable to the G2 and G3 results of Do(O=CO), 529.7 and 530.2 kJ 
mOrI, respectively. 
As the MP2(full)/6-31G(d) vibrational frequencies for CICO do not agree well 
with the experimental data, and CICO is a relatively small species, we have carried out 
the geometry optimization and frequency calculations for CICO at a number of levels 
higher than MP2(full)/6-31 G( d), including B3L YP/6-31 G( d), B3L YP/6-311 +G(3df,2p), 
QCISD(T)/6-31 G( d), and BD(T)/6-31 G( d). The results of these calculations are given in 
Table 2. 
Table 2: Calculated Structural Parameters and Vibrational Frequencies of ClCO at 
Different Levels of Theory 
Level C-O C-CI O-C-CI VI (A') V2 (A') V3 (A') {A} {A} { 0 } {cm-I} {cm-I} {cm-I} 
HF/6-31G(d) 1.135 1.840 115.5 197 577 2167 
MP2(full)/6-31 G(d) 1.174 1.793 115.5 383 647 2000 
B3LYP/6-31G(d) 1.164 1.840 115.6 332 589 1966 
B3LYP/6-311 +G(3df,2p) 1.155 1.805 115.2 358 595 1943 
QCISD(T)/6-31 G( d) 1.175 1.828 115.7 328 585 1902 
BD(T)/6-31 G( d) 1.176 1.809 115.6 350 590 1990 
Experiment a 1.170 1.750 120.0 281 570 1880 
a Experimental values are taken form Ref. 3. 
At the HF/6-31G(d) level, the vibrational frequencies of CICO are calculated to 
be 197,577, and 2167 cm-I. On the other hand, at the MP2(full)/6-31G(d) level, they 
are: 383, 647, and 2000 cm-I. These results are not in good agreement with the 
experimentally measured frequencies of281, 570, and 1880 cm-I.3 Examining the results 
summarized in Table 2, it is seen that the results of the QCISD(T)/6-31 G( d) and BD(T)/ 
6-31 G( d) levels agree fairly well with the experimental data, even though v I still does 
not come out well at either of these levels. It appears that correlation at a very high level 
is required for the frequency calculations of this species. 
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The G2 and G3 Mrf298 for CICO are calculated to be -24.1 and -19.4 kJ mOrI. 
The G3 result is in excellent accord with the experimental data of -21.8 ± 2.5 kJ mOrI, 
reported by Wine and co-workers.7 In addition, the G3 f).f?fO (-21.6 kJ mor I) for this 
radical is also in good agreement with that reported by the same researchers, -23.4 ± 2.9 
- .~ .... 
kJ moi- I. In other words, among the three rather dissimilar reported experimental values 
of Mrf298 for CICO, both G2 and G3 results favor that measured by Wine et al,7 which is 
also the most recently reported data. 
As shown in Table 1, the G2 lEa and IEv of CICO are calculated to be 8.27 e V and 
9.94 eV, respectively, while those for G3 are 8.28 and 10.01 eV. Both sets of values are 
well below the experimental upper bound reported by Hemmi and Suits,4 11.5 ± 0.3 eV. 
This is not unexpected, since CICO and CICO+ have significantly different structures, as 
shown in Figure 1 and discussed above. 
2.3.2 The anti and syn Conformers of Oxalyl Chloride and Oxalyl Chloride Cation 
As shown in Figure 1, the optimized structures of the anti conformer of oxalyl 
chloride (3) are in very good agreement with the available experimental findings. 9,15 
Also, the two levels of theory used in geometry optimization, MP2(full)/6-31 G( d) and 
MP2(full)/6-311 +G(3df,2p), lead to very similar results. As expected, the syn conformer 
(5) represents a TS on the energy surface and its structural features are similar to those of 
3, aside from the dihedral angles defining the conformation. Referring to the structure of 
(CICO)2 + (4) shown in Figure 1, it is seen that, upon ionization, the C-C bond has 
lengthened to a considerable extent. This is consistent with that the highest occupied 
molecular orbital (with Ag symmetry) has significant bonding interaction between the 
orbitals on the two carbon atoms. 
Based on the geometries optimized at the MP2(full)/6-31G(d) level. The G2 and 
03 Eo, H298, MJO fO and &-r f298 for anti and syn (CICO)2, and (CICO)2 + as well as lEa and 
IEv of anti (CICO)2 are summarized in Table 3. 
Referring to Table 3, where all energies are calculated based on geometries 
optimized at the MP2(full)/6-310(d) level, the 03 and G2 Mrf298 of 3 are calculated to 
be -333.4 and -344.1 kJ mOrI, respectively. The former is once again in excellent 
agreement with the reported experimental value of -335.8 ± 6.3 kJ morI.16 Also, ·both the 
calculated adiabatic and vertical IEs of 3 are in very good agreement with the available 
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experimental data in the literature. Finally, it is noted that 5 is less stable than 3 by about 
7 kJ mort, which implies free rotation about the C-C bond of 3 at room temperatures. 
Table 3: G3 and G2 Total Energiesa (Eo) and Enthalpies (H298), and Standard Heats 
of F(l"-tmation at 0 K and 298 K (MfOro and MfO f298) (CICO)2/(CICO)2 +, as well as the 
Adiabatic and Vertical Ionization Energies (lEa and IEv) of anti (CICO)2 b 
Species Eo H298 M?f298 M?f298 lEa IEy 
(symmetry) (hartree) {hartree2 {kJ mor I ) (kJ mor l ) (eV) (eV) 
Anti (CICO)2 (3) -1146.64722 -1146.64036 -333.5 -333.4 10.82 11.26 
(C2h) -1145.83794 -1145.83107 -344.2 -344.1 10.81 11.30 
(-335.8±6.3)" (lO.91±O.05)d (11.33t 
(11.26)1 
(CICO)2 + (4) -1146.24970 -1146.24206 710.2 712.3 
(C2h) -1145.44080 -1145.43370 698.5 699.2 
Syn (CICO)2 (5) -1146.64360 -1146.63761 -324.0 -326.2 
(C2v) -1145.83421 -1145.82823 -334.4 -336.6 
aCalculated using geometries optimized at the MP2(full)/6-31G(d) level; G3 energies are shown in bold font, and G2 
energies are in italic font. hExperimental values, where available, are given in brackets. cRef. 16. dRef .. 17. eRef. 18. fRef. 
19. 
2.3.3 The anti and gauche Conformers of (ClCO) 2 and the TS Linking Them 
As mentioned previously, the gauche conformer (6) of (CICO)2 cannot be located 
at either HF or MP2(full) levels using the 6-31 G( d) basis. On the other hand, Hedberg et 
al did find 6 at the MP2( full)/TZ2P level. 9 In this work, we also located 6 at the level of 
MP2(full)/6-311 +G(3df,2p). In other words, 6 is not artifact of one level of theory. 
Rather, it cannot be located unless a fairly large basis set is used. There are only slight 
differences between the two structures of 6 optimized at the aforementioned levels. In 
particular, we note that, at the MP2(full)/TZ2P level, the CICCCI dihedral angle has a 
value of 89.8°;9 at the MP2(full)/6-311 +G(3df,2p) level, this torsion angle becomes 
81.0°, in good agreement with the experimental result, 76 ± 9°.9 On the other hand, for 
the TS (7) linking 3 and 6, the CICCCI dihedral angle is 107.7°. This value is fairly close 
to that in 6, indicating a very low barrier for the transformation (see below). 
Tabulated in Table 4 are the G2 and G3 Eo, H298, L1J?ro and L1J?f298 values for anti 
and gauche (CICO)2 and the TS linking them, all based on the structures optimized at the 
MP2(full)/6-311 +G(3df,2p) level. _-
Referring to Table 4, where the energies are calculated using the geometries 
optimized at the MP2(full)/6-311 +G(3df,2p) level, it is seen that the G3 L1J?f298 value of 
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Table 4: G3 and G2 Total Energiesa (Eo), Enthalpies (H298), and Standard Heats of 
Formation at 0 K and 298 K (L1I/ofO and L1I/O (298) for the Two Different Conformers 
of (CICO)2 and the Transition Structure Linking Them 
Species (.' Eo H298 &rro L11fJ f298 
(symmetry) (hartree) (hartree) (kJ mor I ) (kJ mor I ) 
Anti (CICO)2 (3) -1146.64777 -1146.64089 -334.9 -334.8 
(C2h) -1145.83893 -1145.83205 -346.8 -346.7 
(-335.8 ± 6.3)h 
Gauche (CICO)2 (6) -1145.64702 -1145.63996 -332.9 -332.4 
(C2) -1145.83879 -1145.83168 -346.4 -345.7 
TS (CICO)2 (7) -1146.64701 -1146.64085 -333.1 -333.1 
(C2) -1145.83879 -1145.83258 -346.4 -348.1 
aCalculated using geometries optimized at the MP2(fuIl)/6-311 +G(3df,2p) level; G3 energies are shown in bold font, 
and G2 energies are in italic font. hExperimental value, taken from Ref. 16, is given in brackets 
3 shows an improvement of 1.4 kJ mor lover that calculated uSIng the 
MP2(full)/6-31G(d) geometry (listed in Table 3). At the G3 level, 3 is more stable than 
6 by 2.0 - 2.4 kJ mOrl. At the G2level, this energy gap becomes 0.4-1.0 kJ mOrl. More 
disturbingly, the TS (7) linking 3 and 6 becomes slightly more stable than 6. This type of 
situation occurs often when an extremely flat surface is investigated using different levels 
of theory for geometry optimization and energy comparison. As we recall, in this case, 
geometry optimization is done at the MP2(full)/6-311 +G(3df,2p) level, while energies 
are calculated employing additivity relations among single-point energies calculated with 
smaller basis sets. We are going to discuss this point in a more detailed manner in the 
next paragraph. 
Let us now refer to Table 5, where we compare the relative energies of 3, 6, and 7 
at a variety levels of theory, using the MP2(full)/6-311 G(3df,2p) geometries. It is seen 
that 3 remains to be the most stable species at most of the levels studied. The exceptions 
are MP4/6-31 +G(d) and MP4/6-311 +G(d,p), where the most stable species is 7, the TS 
linking 3 and 6. Also, at all levels employing basis set smaller than 6-311 +G(3df,2p), 
including G2 and G3, we do not get the expected energy ordering of 3 < 6 < 7. This is 
because these structures have energies within about 2 kJ mor l of each other, and we need 
a very large basis set to bring out this difference. On the other hand, with this large basis, 
correlation level MP2(full) or MP4 or QCISD(T) can lead to the right ordering. In any 
event, based on the results summarized in Table 3, among these three structures, 3 is 
more stable than 6 by about 2 kJ morl and TS 7 is less stable than 6 by about 1 kJ mor]. 
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Table 5: Total EnergiesQ (in hartree) and Relative Energies (~Eb, in kJ mort) for the 
Two Conformers of (CICO)2 and the Transition Structure Linking Them at 
Different Levels of Theory 
Level Anti {CICO}2 {3} TS {CICO}7 {7} Gauche {CICO}z {6} 
MP2{full)/6-311 +G(3df,2p) -1145.97283 -1145.97185 -1145.97203 
ZPVE 0.01992 0.01975 0.01978 
~E 0.0 (0.0) 2.6 (2.1) 2.1 (1.7) 
MP4/6-31 G( d) -1145.33788 -1145.33570 -1145.33512 
~E 0.0 (0.0) 5.7 (5.3) 7.2 (6.9) 
QCI SO(T)/6-31 G( d) -1145.33025 -1145.32774 -1145.32707 
~E 0.0 (0.0) 6.6 (6.1) 8.3 (8.0) 
MP4/6-31 +G(d) -1145.35745 -1145.35785 -1145.35722 
~E 0.0 (0.0) -1.1 (-1.5) 0.6 (0.2) 
MP4/6-311G(d,p) -1145.50751 -1145.50605 -1145.50577 
~E 0.0 (0.0) 3.8 (3.4) 4.6 (4.2) 
MP4/6-311 +G(d,p) -1145.52613 -1145.52655 -1145.52611 
~E 0.0 (0.0) -1.1 (-1.5) 0.1 (-0.3) 
MP4/6-31 G(2df,p) -1145.60175 -1145.59934 -1145.59919 
~E 0.0 (0.0) 6.3 (5.9) 6.7 (6.4) 
QCISO(T)/6-3 11 G(d) -1145.49826 -1145.49650 -1145.49612 
~E 0.0 (0.0) 4.6 (4.2) 5.6 (5.3) 
MP4/6-311G(2df,p) -1145.74793 -1145.74648 -1145.74651 
~E 0.0 (0.0) 3.8 (3.4) 3.7 (3.4) 
G2 c -1145.83893 -1145.83879 -1145.83879 
~E 0.0 0.4 0.4 
G3'" -1146.64777 -1146.64702 - I 146.64701 
~E 0.0 2.0 2.0 
MP4/6-3 I 1 +G(3df,2p) -1145.78361 -1145.78328 -1145.78344 
~E 0.0 (0.0) 0.9 (0.4) 0.4 (0.1) 
QCISO(T)/6-311 +G(3df,2p) -1145.77160 -1145.77083 -1 145.77086 
~E 0.0 (0.0) 2.0 (1.6) 1.9 (1.6) 
MP4/G3Large -1146.47394 -1146.47278 -1146.47292 
~E 0.0 (0.0) 3.0 (2.6) 2.7 (2.3) 
aCalculated using geometries optimized at the MP2(full)/6-311 +G(3df,2p) level. hRelative energy including ZPVE 
(scaled by 0.97) correction are given in brackets. cThe ZPVE corrections are calculated using 
MP2(full)/6-311+G(3df,2p) frequencies, scaled by 0.97. 
2.4 Conclusions 
We carried out an ab initio structural and energetics study at the G2 and G3 levels 
of theory on carbonyl chloride radical and its dimer, oxalyl chloride, as well as their 
cations. Based on the results obtained, the following conclusions may be drawn. 
(1) The G2 and G3 results obtained are in very good agreement with the available 
experimental data. In some cases, when the experimental data are unavailable in the 
literature or imprecise, the G3 results should give reliable estimates . 
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(2) Among the three experimental MfO f298 values for CICO reported in the 
literature, the one measured by Wine and co-workers7 (-21.8 ± 2.5 kJ mort) has the best 
agreement with the G3 result (-19.4 kJ mort). 
(3) For oxalyl chloride, we located a gauche conformer and a TS linking the anti 
and g"auche conformers at the MP2(full)/6-311 +G(3df,2p) level, in qualitative agreement 
with the experimental findings. This result shows that the gauche conformer found by 
Hedberg et al9 is not an artifact of the computational level they employed. Also, both 
experimental and computational results agree that the gauche conformer lies in a very flat 
potential minimum. 
( 4) Based on the limited systems studied in this work, the G 3 model yields results 
which are in better agreement with the experimental data than the G2 method. This is 
particularly gratifying since the G3 calculations require less computational resources than 
the G2 calculations. 
2.6 Publication Note 
An article based on the results reported in this Chapter has now appeared in J. 
Phys. Chem. A 1999,103,7913. 
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. + Study of Ns, Ns , and Ns- : A Gaussian-3 
An isomeric study for N 5, N 5 + and N 5 -, has been carried out using the Gaussian-3 
(G3) and G3(MP2) methods. At the MP2(full)/6-31 G(d) level, six N5, five N5 +, and four 
N5 - isomers are identified. Out of these 15 species, 12 of them have not been reported 
previously. Reported in this work are the structures and the heats of formation of all 15 
species, as well as the IEs and EAs of the N 5 isomers. NBO analysis is also carried out 
for the more stable species found. 
The most stable N5 isomer is a weak N3 ... N2 complex with C2v symmetry. The 
energy for dissociating this complex into two fragments is only a few kJ mor I and the 
interaction between the two fragments is electrostatic in nature. The most stable species 
for N 5 + has an open-chain structure with C 2v symmetry. This cation has been synthesized 
and characterized spectroscopically. Natural Bond Orbital (NBO) analysis suggests that 
the stability of this cation is enhanced byhyperconjugation. The most stable N5 - isomer 
is a weak complex of the form N2 ... N3- having C2v symmetry. The dissociation energy 
for this anion is estimated to be 10 kJ mort. 
3.1 Introduction 
Polynitrogen compounds Nn and their ions have attracted considerable research 
interest recently. As early as 1992, Bartlett and co-workers studied the stability and 
energetics of N4, N6, and N8 using SCF, coupled-cluster, and many-body perturbation 
theory methods. In their work, I four N4 isomers (with symmetries Td, Cs, C2v, and D2h), 
one N6 isomer (D6h), and one (cubic) N8 isomer were found. Four years later, Schleyer et 
al2 applied density functional theory (DFT) methods to investigate a large number of 
(mostly neutral) nitrogen clusters, ranging from n = 4 to n = 20, with n mostly being an 
even number. For the isomers of a given n value, these researchers identified the most 
stable one. In 1997, Schaefer et ae found two additional Ng isomers (with symmetries 
D2h and C2v). One year later, Li and co-workers4 carried out an isomeric study for N7 
and eight isomers were found. Among them, only four have reasonable stability and the 
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most stable isomer has a twisted open-chain structure. More recently, KlapotkeS applied 
SCF, MP2, and CCD methods to study the open-chain diazide (N6) molecule. 
The results described so far are entirely theoretical in nature and they await 
experimental confirmation. On the other hand, one of the first experimental evidences 
' > 
for the existence of a Nn species with n > 3 was reported by Christe et al6 last year. 
Christe and co-workers have synthesized the compound Ns+ AsF6-. In addition, based on 
their calculations carried out at the CCSD(T)/6-311 +0(2d) level, Christe et al proposed 
that the cation Ns+ has an open-chain structure with C2v symmetry.6 This structural 
proposal was supported by the agreement between the calculated and experimental 
(lR/Raman and NMR) spectroscopic measurements. Later that year, Li et al7 performed 
an ab initio and DFT study on the mechanism of the formation of the Ns + cation. Earlier 
this year, Nguyen and Has carried out another ab initio and DFT study on Ns +. In 
addition to the aforementioned species with C 2v symmetry, they also found a triplet 
structure corresponding to a weak complex between linear triplet N3 + and N2. This triplet 
species is less stable than the singlet structure with C2v symmetry by about 26 kJ mort. 
Furthermore, they suggested that the radical N 5 also has an open C 2v form in which the 
two terminal nitrogens point inward instead of outward as in the N5 + cation. The 
ionization energy (lE) is estimated to be 7.4 ± 0.2 eV. 
Since N5 + is the only Nn species with experimental evidence, we concentrate on 
the structures and energetics of the N 5 + isomers in this work. In addition, we have also 
studied the N5 and N5- isomers. The Oaussian-3 (03) method9 have been used to study 
the Nn system. Comparison between our results with those obtained by other workers 
will also made. 
Comparing with the conventional 03 method, the newly proposed 03(MP2) 
theoretical procedures t 0 has a considerable computational efficiency gain with only 
slightly lost of accuracy. In the present work, a parallel 03(MP2) calculations have been 
carried out for the quantities which have been determined by 03 already. The comparison 
between the two theoretical methods can be used to assess the capability of 03(MP2) 
using as a substitute for the more computationally demanding 03 method. 
3.2 Computational Methods 
All calculations were carried out on DEC 500au, DEC 600au, Compaq XP900, 
and Compaq XP 1 000 workstations, as well as on SOl Origin 2000 High Performance 
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Server, using the Gaussian 98 package of programs 11. Inthis work, the geometries of the 
various Ns, Ns+, and Ns- isomers under study were optimized the MP2(full)/6-31G(d) 
and the density functional B3L YP/6-311 +G(3df,2p) levels. 
Based on the geometries optimized at the aforementioned MP2(full)/6-31G(d) 
level;-the G3 and G3(MP2) calculations for the isomeric were carried out. (details 
described in Section 1.2 and 1.3) 
In addition to the structural and energetics results, the bonding properties of the 
various isomers identified were studied by using natural bond orbital (NBO) analysis. 13.14 
3.3 Results and Discussion 
In our notation, single- or double-digit numerals with superscript + or - such as 
7+ and 12- refer to stable Ns + cations and N s - anions, respectively. Those numerals 
without any superscript such as 1 refer to stable N5 isomers. All structures identified 
have only real vibrational frequencies at the MP2(full)/6-31G(d) level of theory. (It 
should be noted that, one imaginary frequency was obtained for each of 6, 3, 9+ and 10+ 
at the B3L YP/6-311 +G(3df,2p) level of theory) 
The structures of various N5 (1-6), isomers optimized at the MP2(full)/6-31G(d) 
level are shown in Figure. 1, while the structures of various N5+ (7+-11+), and Ns-
(12--15-) are displayed in Figure 2 and Figure 3 respectively. Also shown in the figures 
for reference are the structures parameters obtained from the corresponding 
B3L YP/6-311 +G(3dt) optimized geometries. On the other hand, the heats of formation 
MrfO and t1f?f298 of all neutral N5 isomers are summarized in Table 1, while those 
quantities for various N5+ and Ns- isomers are given in Table 2 and Table 3, respectively. 
Based on these results, the ionization energies (IEs) and electron affmities (EAs) of all N s 
isomers can then be easily calculated and they are tabulated in Table 4. 
As shown in the figures and tables, six N s isomers, five N s + isomers, and four N 5-
isomers have been studied in this work. We will discuss the structures, energetics, and 
bonding of these isomers in three sections: radicals first, followed by cations and anions. 
3.3.1 The NsIsomers 
The most stable N5 isomer is 1 with C2v symmetry. As suggested by its structure 
shown in Figure. 1, 1 may be considered as a symmetric weak complex between 
fragments N3 and N2, with the distance between NI and N4 being larger than 3 A. At the 
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G3 level, the dissociation energy for 1 to fragment into N3 and N2 is -15 kJ mOrl. This 
negative value arises from the fact that geometry optimization and energy calculations 
were not carried out at the same theoretical level. To get a better estimate of this 
dissociation energy, we performed geometry optimization at the 
MP2(full)/6-311 +G(3df,2p) level and the dissociation energy was then calculated to be 5 
kJ mor I. Hence, it is safe to say that this complex is a weak one, both structurally and 
energetically. In terms of NBO analysis, there is a triple bond between N4 and N5, and 
there are delocalized double bonds linking atoms NI, N2, and N3. As a result of this 
picture, there is a net positive charge on NI (+0.16) and negative charges on N2 and N3 
(-0.08). Also, the interaction between N I and N4 is essentially electrostatic in nature, 
with the natural atomic charge on N4 being about -0.02. 
~184 ~.17~ . .. .. ....... . . @B 898 3.139 1.130 9O~O 3.542 1.091 2 
rl5 = 1.943;1.954 
r24 = r23 = 2.068; 2.078 
4 (C2v, 2B2) 
r34 = r23 = r24 = 2.236; 2.209 
6 (D3h, 2 A2 ') 
Figure 1. The structures of Ns isomers. The level of optimization are 
MP2(full)/6-31G(d) (normal font) and B3LYP/6-311+G(3df,2p) (bold font). 
Note that 2 is not found at the and B3LYP/6-311+G(3df,2p) level. 
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About 170 and 230 kJ mort less stable than 1 are, respectively, isomers 2 (Cs 
symmetry) and 3 (C2v). [Isomer 2 was found at the MP2(full)/6-31G(d) level, but not at 
the B3L YP/ 6-311 +G(3df,2p) level.] NBO analysis for these two structures does not 
yield ~ny novel bonding features. It should be noted that 3 has been found by Nguyen 
. and Ha",8 while the more stable isomers 1 and 2 have not been reported in the literature. 
Also, the structural features of 3, as shown in Figure 1, agree with the qualitative 
description given by Nguyen and Ha. Upon ionization, all three radical isomers 1 to 3 
yield cation 7+, the most stable Ns+ isomer with C2v symmetry. The G3 lE for 3 is 7.47 
eV, in good agreement with that estimated by Nguyen and Ha,8 7.4±0.2 eV. 
Table 1: The G3 and G3(MP2) Total Energies (Eo) and Enthalpies (H298),3 and 
the Standard Heats of Formation at 0 K and 298 K (t1JlO fO and t1J1O (298) of Ns 
Isomersb 
Species Symmetry Eo H298 (hartree) (hartree) 
1 C2v 
-273.52064 -273.51306 
-273.32370 -273.31612 522.1 
C.\. -273.45552 -273.44991 689.9 683.2 2 
-273.25800 -273.25239 694.6 687.8 
C2v 
-273.43289 -273.42773 749.3 740.8 3 
-273.23566 -273.23071 753.2 744.7 
C2v 
-273.28750 -273.28322 1131.0 1120.8 4 
-273.09229 -273.08800 1129.6 1119.4 
-273.27838 -273.27345 1155.0 1146.4 5 D2d 
-273.08264 -273.07771 1155.0 1146.4 
6 D3h 
-273.15544 -273.15112 1477.8 1467.6 
-272.95935 -272.95503 1478.7 1468.5 
aThe G3 and G3(MP2) electronic energy reported here is corrected with MP2(full)/6-31G(d) frequencies, scaled by 
0.9661. hAil G3 energies are given in bold font, while the G3(MP2) energies are shown in italic font. 
The remaining three N s isomers, 4-6, have fairly symmetrical structures. 
However, they are all highly energetic species, about 610 to 960 kJ mOrl less stable than 
1. In view of their instability, there will be no further discussion for these isomers. They 
are reported here for reference only. 
3.3.2 The N5+ Isomers 
The most stable Ns + isomer is 7+ with the open-chain.structure (C2v symmetry). 
This is the most studied N s + cation, as well as the only one found in the literature, both 
experimentally6 and computationally.6-8 NBO results suggest that the two terminal N-N 
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bonds are triple bonds. In addition, there are strong donor-acceptor interactions between 
lone pair orbitals on N I and the 1t* orbitals of the two triple bonds. Furthermore, there are 
also donor-acceptor interactions between the lone pair orbital on N4 (or N5) and the cr* 
orbita~~ on N I_N2 (or N I_N3). In other words, the stability of this cation is enhanced by 
hyper~onjugation, as concluded by Klapotke.5 
+ I 
rl5 = 2.072; 2.354 r23 = r24 =2.094; 3.243 
9+ (C2v , I AI) 
rl x = 1.261; 1.233 
r2x = r3x = r4x = r5x = 1.017; 1.001 
10+ (C4v , IAl ) 
" + I 
r34 = r45 = r35 = 2.310; 2.310 
11+(D3h ,IAI ,) 
Figure 2. The structures of Ns + isomers. The level of optimization are 
MP2(full)/6-31G(d) (normal font) and B3LVP/6-311+G(3df,2p) (bold font). 
The remaining four N 5 + isomers, 8+ -11 +, are all of fairly high symmetry. They are 
also highly energetic, about 500 to 1000 kJ mor I less stable than 7+. Due to their 
instability, there will be no further discussion for these isomers. However, it should be 
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noted that cations 8+, 9+, and 11+ arise from the ionization of N 5 isomers 5, 4, and 6, 
respectively. 
Table 2: The G3 and G3(MP2) Total Energies (Eo) and Enthalpies (H298),a and the 
. b 
Standard Heats of Formation at 0 K and 298 K (t1JlO ro and t1JlO f298) of Ns Isomers 
Species Symmetry Eo 
H298 L1lf' fO L1lf' f298 
(hartree) (hartree) (kJ mort) (kJ mort) 
7+ C 2v 
-273.15849 -273.15304 1469.8 1462.6 
-272.96130 -272.95537 1473.5 1467.6 
8+ D2d 
-272.97523 -272.97000 1950.9 1943.2 
-272.77945 -272.77421 1951.0 1943.3 
9+ C 2v 
-272.93720 -272.93127 2050.8 2044.8 
-272.74207 -272.73613 2049.1 2043.2 
10+ C-Iv 
-272.90844 -272.90330 2126.3 2118.3 
-272.71387 -272.70873 2123.2 2115.2 
11+ D3h 
-272.77697 -272.77240 2471.4 2462.0 
-272.58084 -272.57628 2472.4 2462.9 
aT he G3 and G3(MP2) electronic energy reported here is corrected with MP2(full)/6-31G(d) frequencies, scaled by 
0.966 I. hAll G3 energies are given in bold font, while the G3(MP2) energies are shown in italic font. 
3.3.3 The N5- Isomers 
1.218 _--------~ I ~.17~ _--------- 1.130 5 4 3 - - • • • • • • 1.091 1.217 •••••• 1.177 3.032-···· I 3.230 
86.0 
82.8 
U~ . ~~~{:::::·····ii~j ~1.I43 
1 2.531 ""'" 5 1.101 
2.758 
14- (Cs, lA') 15- (D2d , IA I ) 
Figure 3. The structures of Ns- isomers. The levels of optimization are 
MP2(full)/6-31G(d) (normal font) and B3LYP/6-311+G(3df,2p) (bold font). 
Among the four N5- isomers shown in Figure 3, only the one with cyclic structure, 
13-, has been reported in the literature? However, according to the G3 results, the 
aromatic anion 13- is not the most stable N5 - isomer. Rather, 12- lies lower in energy by 
about 65 kJ mOrl. Examining the structure of 12-, as well as its NBO results, this anion 
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may been taken as a weak complex between N3- and N2. At the G3 level, the dissociation 
energy for the process 13- ~ N3 - + N2 is calculated to be -26 kJ mOrl. Once again, this 
small negative value arises from the fact that geometry optimization and energy 
calculation were not done at the same theoretical level. To better estimate this 
dissociation energy, we performed geometry optimization at the MP2(full)/ 
6-311 +G(3df,2p) level. At such a level, the dissociation energy becomes 10 kJ mor I. 
Hence, as in the case of N 5 isomer 1, 12- is also a weak complex which dissociates easily. 
NBO results suggest that there is a triple bond between N I and N2, and there are two 
double bonds linking atoms N4, N3, and N5. As a result, there is net positive charge on N5 
(+0.23) and negative charges on N3 (-0.63) and N5 (-0.60), while NI and N2 are 
essentially neutral. 
Table 3: The G3 and G3(MP2) Total Energies (Eo) and Enthalpies (H298),a and 
the Standard Heats of Formation at 0 K and 298 K (11JP ro and 11JP f298) of Ns 
Isomersb 
Species Symmetry Eo H298 M?fO M?f298 (hartree) (hartree) (kJ mor I ) (kJ mor I ) 
12- C2v 
-273.64224 -273.63484 199.7 197.6 
-273.44672 -273.43932 199.1 197.0 
13- D5h 
-273.61729 -273.61313 265.2 254.6 
-273.42163 -273.41748 264.9 254.4 
14- Cs 
-273.53356 -273.52701 485.0 480.7 
-273.33896 -273.33241 482.0 477.7 
15- D2d 
-273.34160 -273.33682 989.0 980.1 
-273.03470 -273.02991 992.0 983.1 
3The G3 and G3(MP2) electronic energy reported here are corrected with MP2(full)/6-31G(d) frequencies, scaled by 
0.9661. hAil G3 energies are given in n boldl fon~ while the G3(MP2) energies are shown in italic font. 
About 220 kJ mOrl less stable than 13- is isomer 14-. According to its NBO 
results, this anion may be taken as a complex between N 2 and a nearly cyclic N 3 - moiety. 
Natural atomic charges indicate most of the negative charge of this anion resides on NI 
and N2 (-0.45 each). The least stable N5- isomer is 15-. It is less stable than 12- by 
nearly 800 kJ mor I. It is reported here for reference only. 
It is noted that, upon attaching an extra electron to radical 1 and 2, anion 12- is 
resulted. On the other hand, attaching an electron to 4 and 5 would lead to the formation 
of 14- and 15-, respectively. 
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Table 4: The G3 and G3(MP2) Ionization Energies (lE) and Electron Affinities 
(EA) ofNs Isomersa 
lE EA 
Isomer 
Energy (eV) Process Energy (eV) Process 
..... 
1 
9.85 1 ~7+ 3.31 12-~ 1 + e-
9.86 3.35 
2 8.08 2 ~7+ 5.08 12-~ 2 + e-
8.07 5.14 
3 7.47 3~7+ 
7.47 
4 9.53 4~9+ 6.70 14-~ 4 + e-9.53 6.71 
5 8.25 5~8+ 1.72 15-~ 5 + e-8.25 1.69 
6 
10.30 6~ 11+ 
10.30 
£1The G3 energies are given in bold font, while the G3(MP2) energies are shown in italic font. 
3.3.4 Comparison o/the G3 and G3(MP2) Results 
In this study, 30 calculated L11f' f (12 for N 5, 10 for N 5 +, and 8 for N 5 -), 6 IEs, and 4 
EAs have been determined by both of the G3 and G3(MP2) methods. The overall average 
absolute deviation for all calculated L11f'f between the two methods is 2.0 kJ mort. For 
the calculated IEs and EAs, the average absolute deviations between G3 and G3(MP2) are 
0.02 eV. (-2 kJ mot1). Among the 40 energetic quantities determined in the present 
study, the overall absolute mean deviation is 2.0 kJ mOrl. In other words, both G3 and 
G3/(MP2) yield very similar results, and the less computationally demanding G3(MP2) 
method can be considered as an alternative for the G3 method. 
3.4 Conclusions 
Applying the G3 method, we have carried out an isomeric study for N5, N5 +, and 
N5-. At the MP2(FU)/6-31G(d) level, six N5, five N5+, and four N5- isomers are 
identified. Out of these 15 species, 12 of them are introduced for the first time . 
. The most stable N5 isomer is 1, which may be considered as a weak N3 ... N2 
complex with C2v symmetry. The energy for dissociating 1 into two fragments is only a 
few kJ mor I and the interaction between the two fragments is electrostatic in nature. The 
most stable species for N 5 + is 7+, a cation that has been synthesized and characterized 
spectroscopically. NBO analysis suggests that the stability of this cation is enhanced by 
hyperconjugation. The most stable N5- isomer is 12-, a weak complex of the form 
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N 2 •.. N 3 - having C2v symmetry. The dissociation energy for this anion is estimated to be 
10 kJ mOrl. 
Also reported are the M-r f values and the structures of all 15 species, as well as the 
IEs and EAs of the N 5 isomers. NBO analysis is carried out for the more stable species 
found~ 
In addition to the structural and energetic studies for the various N5, N5 + and N5-
species, a comparison between the G3 and G3(MP2) results has also been made. The 
average absolute deviation for the heats of formation obtained by these two methods is 2.0 
kJ mOrI, and the overall average absolute deviation among all of the 40 determined 
quantities is also 2.0 kJ mOrl. Such a small deviation suggests that the G3(MP2) can be 
considered as an alternative for the conventional G3 method. 
3.5 Publication Note 
We have prepared an article for the results reported in this work. This paper has 
been submitted to Chemical Physics Letter. 
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Chapter 4 
Thermochemistry of Hydrochlorofluorosilanes: An Ab Initio 
Gaussian-3 Study 
Abstract 
An ab initio study of the thermochemistry for hydrochlorofluorosilanes (HCFSi) 
has been carried out using the Gaussian-3 (G3) and the computationally less expensive 
G3(MP2) methods. In this chapter, we report the heats of formation (ilHO f) of 15 
silanes, their adiabatic ionization energies (lE), electron affinities (EA), proton affinities 
(P A) as well as 10 hydrosilanes. Good to excellent agreement with the available 
experimental data are found for essentially all calculated quantities. The only exceptions 
are those involving the SiF4 + cation, such as the lE and P A of SiF4• The origin of this 
failure is not immediately clear, even though this failure is not confined to the G 3 
methods. Since much of the thermochemical data for the industrially important silanes are 
not available in the literature, the results reported here may be taken as reliable estimates. 
4.1 Introduction 
Silicon is the fundamental building block of microelectronic and other advanced 
materials. Its interaction with halogen atoms and their ions are of particular interest in 
chemical vapor decomposition and the fabrication of wafers. While the chemistry of 
hydrochlorofluorosilanes (HCFSi) has attracted numerous experimental and theoretical 
studies, there is very little experimental thermochemical information on the anions, proton 
affinities and acidities of these species. In terms of theoretical results, various groups 
have investigated HCFSi and related species. 1-5 However, these studies were carried out 
at different levels of theory and, hence, direct comparison between the results is difficult. 
For the smaller analogs of HCFSi, i.e. the hydrochlorofluoromethanes (HCFM), 
high-level computational studies at the Gaussian-3 (G3) level of theory6 have been 
carried out by our research group recently. For the substituted methanes, experimental 
thermochemical data are available for 46 of the 55 quantities studied. Good overall 
agreement between G3 and experimental values is observed.7 
Motivated by the recent success of the HCFM systems, and the lack of 
experimental data for the silanes, a parallel theoretical study at the G 3 level of theory for 
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HCFSi is performed. In this chapter, the heats of formation (t1Ho f) values of 15 neutral 
HCFSi, their radical cations (HCFSi·+) and anions (HCFSi·), as well as their protonated 
(HCFSi+H+) and deprotonated (HCFSi-H-) species are reported. From these values, the 
IEs,electronic affinities (EAs), protonat affinities (PAs) and acidities of these silanes can 
then be determined. Our calculated thermochemical values will also be compared with 
available experimental data and other theoretical results. 
In addition to the aforementioned G3 method, a parallel G3(MP2) calculationsS 
have also been performed on the silane systems. The two methods have a number of 
differences and the major difference is lying in the core size used in the electron 
correlation treatment. Based on such a difference for the two theoretical procedures, the 
extent of the correlation effect for the core elections on the HCFSi system may thus be 
investigated. 
4.2 Computational Method 
All calculations were carried out on various Digital and SGI workstations as well 
as on SGI Origin 2000 High Performance Server, using the Gaussian 98 package of 
programs.9 
The computational methods employed in this work were the G3 and G3(MP2) 
levels of theory . (details described in Section 1.2 and 1.3) 
4.3 Results and Discussion 
In the present work, 76 silanes (15 neutral silanes, their cations and anions, as well 
as 21 protonated and 10 deprotonated silanes) have been studied. The calculated t1HO f 
for the studied neutral silanes, along with those for their cations and anions, are 
summarized in Table 1, while those quantities for the protonated and deprotonated 
silanes are shown in Table 2. 
The optimized molecular geometries, along with their symmetry point groups and 
electronic states as well, for the 76 silanes studied in this study are displayed in Figure 1 
to Figure 5. 
Immediately following the conclusion section of this chapter are Table 6 and Table 
7, in which the calculated G3/G3(MP2) total energies (Eo) and enthalpies (H29S) for the 76 
silanes studied in this work are listed for reference. (Note: Table 6 for the neutral silanes, 
their cations and anions, while Table 7 for the protonated and deprotonated silanes) 
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Table 1: The G3 and G3(MP2) Heats of Formationa (L1IFro and Mlo fl98 , in kJ mol-I) 
of Neutral HCFSi as well as Their Cations and Anions at 0 and 298 Kb 
Neutral Neutral Cation Anion 
Silane L1Ho fO L1Ho f298 L1HofO L1Ho f298 L1Ho fO L1Ho f298 
....... 43.7 35.3 1109.2 1102.5 181.3 172.9 SiH( 43.4 34.8 1103.0 1096.3 179.5 171.1 
(46) (35) (11 70) [1105.4Y 
(1159) 
SiH3F 
-342.4 -350.9 775.1 769.7 -253.4 -260.0 
-341.4 -349.6 771.3 765.9 -251.9 -258.5 
(-367 .2±21)d (-367.2±21)d (752) 
SiH3CI 
-124.4 -132.3 940.5 935.6 -65.6 -70.8 
-126.0 -134.0 934.7 929.8 -72.3 -77.5 
(-132±8)d [ -13 5 . 6± 1 0 . 5] e (899) 
( -141.8±8)d 
SiH2F2 
-759.6 -766.6 396.3 391.9 -674.7 -680.5 
-757.3 -764.4 392.4 388.1 -670.9 -676.8 
(-782±21 ) (-791±21) (395) (386) 
SiH2FCI 
-528.1 -534.8 568.2 564.4 -462.1 -467.8 
-528.1 -534.8 563.2 559.4 -463.8 -469.5 
SiH2Ch 
-302.4 -308.7 767.7 764.5 -327.9 -331.8 
-305.5 -311.8 760.5 757.2 -334.3 -338.3 
(-313±13)d [-315.1±8.3t (765) 
(-320.5±13)d 
SiHF3 
-1187.7 -1193.1 26.4 23.9 -1084.7 -1087.9 
-1184.5 -1189.8 22.9 20.4 -1080.9 -1084.2 
(-1194±21 ) (-1201±21) (157) (150) 
SiHF2Cl 
-948.6 -953.5 193.3 191.5 -898.3 -901.8 
-947.0 -951.8 189.0 187.3 -896.8 -900.3 
SiHFCl2 
-713.6 -717.9 391.8 390.6 -734.6 -737.0 
-714.5 -718.8 385.8 384.6 -738.5 -740.9 
SiHCl3 
-483.5 -487.2 591.8 591.1 -510.4 -511.4 
-487.3 -491.0 583.5 582.8 -518.0 -519.0 
[-491.2±4.2t [ -496.2±4.2t (652) (647) 
(-477) (-482) 
SiF4 
-1603.7 -1607.1 -94.1 -95.2 -1559.1 -1561.5 
-1599.5 -1602.9 -92.1 -93.2 -1555.0 -1557.4 
(-1609± 1) (-1615±1) (-94) (-100) 




-1364.2 -1367.0 -136.4 -137.8 -1366.4 -1367.5 
-1360.9 -1363.7 -134.1 -135.5 -1365.7 -1366.9 
( -13 14±63 )d ( -13 18±63 )d 
SiF2Cl2 
-1126.4 -1128.6 62.6 61.7 -1164.4 -1164.6 
-1125.4 -1127.5 63.4 62.4 -1165.8 -1165.9 
30 
SiFCl3 
-891.3 -892.8 268.6 268.5 -941.2 -940.6 
-892.7 -894.2 267.5 267.4 -945.9 -945.3 
(-838.8±63)d (-841±62.8)d 
SiCl4 
-660.1 -660.9 464.5 463.4 -719.0 -717.6 
-664.8 -665.6 460.1 458.9 -727.7 -726.2 - -~ 
[-660.6±1.3]d [-662.8±1.3]d (520) [481.2±12.6f 
(-618) (-610) (528) 
a IJ The G3 results are shown In bold font, and the G3(MP2) values are shown In ItalIc font. All expenmental 
heats of fonnation, given in brackets, are taken from Ref. 11, unless otherwise stated. For those speceis 
with multiple experimental entries, the preferred value is given in square brackets. cRef. 14. dRef. 10. eRef. 
15. fRef. 12. gRef. 16. hRef. 17. iRef. 18. 
Table 2: The G3 and G3(MP2) Heats of Formationa (LlHo ro and LlJIO f 298, in kJ 
mol-I) of Protonated and Deprontonated HCFSi at 0 and 298 Kb 
Neutral Protonated Snecies Denrotonated Snecies 
Silane Cation L1Ho fO L1Ho f298 Anion L1Ho fO L1Ho f298 
H2 . SiH3+ 
940.6 930.8 SiH3 
- 66.9 62.3 SiH4 938.0 928.2 65.8 61.2 
(917) (63±10) 
HF . SiH3+ 600.2 591.1 SiH2F 
-
-318.5 -322.6 
SiH3F 600.7 591.4 -315.7 -319.9 
HCt· SiH3+ 770.0 760.6 SiH2CI 
-
-148.4 -152.1 
SiH3Ct 767.9 758.6 -152.0 -155.7 
HF· SiH2F+ 216.8 208.5 SiHF2 
-
-750.9 -753.8 
SiH2F2 217.5 209.2 -747.3 -750.2 
HF· SiH2CI+ 427.1 419.7 426.1 418.7 
-562.9 -565.1 SiH2FCI 




HCI . SiH2CI+ 603.2 595.6 SiHCl2 
-
-374.5 -376.2 SiH2Cl2 600.0 592.3 -380.2 -381.9 
HF· SiHF2+ 
-174.9 -181.3 SiF3 
-
-1227.4 -1228.2 SiHF3 
-173.3 -179.6 -1223.0 -1223.9 
(-1230±46t 
(-1284±35) 





HCI· SiHF2+ 4.9 
-0.8 SiF2CI -1022.4 -1022.3 
5.4 -0.3 
HF· SiHCI2+ 251.7 246.6 249.9 244.9 
-815.9 -815.1 SiHFCl2 -





HCI . SiHCl2 + 429.9 425.0 SiCl3 
-
-608.9 -607.5 SiHCl3 425.6 420.6 -616.5 -615.1 
(-589±21) 

















HF . SiCI3+ 82.8 80.7 
SiFCl2 
80.7 78.6 
HCI· SiFCl2 + 48.2 45.3 46.4 43.5 
SiCl4 HCI· SiCI3+ 
259.2 257.1 
254.7 252.6 
aThe G3 results are shown in bold font, and the G3(MP2) values are shown in italic font. bAll experimental 
heats of formation, shown in brackets, are taken from Ref. 11, unless otherwise stated. cSee text. 
4.3.1 Heats o/Formation/or Neutral HCFSi 
Let us first consider the series SiHmFm with m, n = 0, 1, 2, ... , and m + n = 4. 
From Table 1, it is seen that the calculated results for SiH4 and SiF4 are in excellent 
agreement with experimental data. For the other three members of the series, the available 
"experimental data" are not direct measurements. to Rather, they were obtained by linear 
interpolation between the experimental values of Si~ and SiF4• In any event, the 
calculated values are within the error range of these "experimental data." Hence, the 
G3/G3(MP2) results for SiH3F, SiH2F2, and SiHF3 may be taken as reliable estimates. 
Next we consider the series SiF4, SiF3CI, ... , SiC4. Once again, the calculated 
results for SiF4 and SiCl4 are in very good accord with the experimental data. In addition, 
for SiCI4, based on the G3 result, we are able to detennine the most reliable experimental 
result among the two rather disparate values. For SiF 2Ch, no available experimental result 
is found for comparison. The.Mr f values of SiF3CI and SiFCl3 have error ranges of ±63 
kJ mol- I and these results were reported in 1960.10 Clearly, they deserve re-examination. 
Now we consider the series Si~, SiH3CI, ... , SiC4. Aside from Si~ and SiC4, 
which have been examined already, the calculated L1HO f values for the remaining three 
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members are all in excellent agreement with the experimental data. For the remaining three 
silanes not discussed so far: SiH2FCI, SiHF 2CI, and SiHFCI2, no experimental results are 
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Figure 1. The structural geometries of the neutral HCFSi optimized at the 
MP2(full)/6-31G(d) level, along with their symmetry point groups, and electronic 
states, all bond lengths are in Angstroms (A), and angles are in degrees ( 0 ). 
Before leaving this section, we briefly compare the G3/G3(MP2) results with 
those obtained with other theoretical methods. Table 3 compares our results with those 
obtained with bond additive corrections (BAC)I ,2 and isodesmic reaction schemes3,4 at the 
MP4 correlated level with a variety of basis sets. Examining the results in this table, it is 
seen that the G3/G3(MP2) results for the chlorinated species are in better agreement with 
the BAC and isodesmic results (absolute mean deviation is 2.1 kJ mol-I for BAC and 2.4 
kJ mol- l for isodesmic) than'the fluorinated species (absolute mean deviation is 10.6 kJ 
mol-I for BAC and 10.3 kJ mor l for isodesmic). Since the accepted error range for the 
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G3/G3(MP2) methods is about ±10 kJ mot}, it may be argued that the four theoretical 
methods compared in Table 3 yield results with overlapping error ranges. 
To briefly conclude at this point, both the G3 and G3(MP2) methods yield 
accurate L1HO f values for the neutral silanes. This conclusion lends support for the 
calculated results for the silane cations and anions, for which very little experimental 
infonnation is available. Actually, for silane anions, there are no experimental heats of 
fonnation in the literature. Anyway, we will consider the energetics for the silane cations 
and anions when we discuss the lEs and EAs of the neutral silanes. 
The calculated G3/G3(MP2) lEs, EAs, PAs, and acidities of the silanes are 
summarized in Table 4. 
Table 3: Calculated Standard Heats of Formation at 298 K, (MlO 1298, in kJ mor I ) 
for Neutral HCFSi Using a Variety of Methods 
S12ecies G3 G3(MP22 BAC-MP4 Isodesmic EX12eriment 
SiH4 35.1 34.8 34.3 a 34.3 b 35 c 
SiH3F -350.9 -349.6 -357.±5.1a -357.7b -376.6±21d 
SiH3CI -132.3 -134.0 -133.9a,e -134.71 -135.6±10.5g 
SiH2F2 -766.6 -764.4 -779.8±6.2 a -779.5 b -791±2c 
SiH2Cl2 -308.7 -311.8 -311.3 a,e -311.31 -315.1±8.3
g 
SiH2FCI -534.8 -534.8 
SiHF3 -1193.1 -1189.8 -1207 .6±5 .6a -1205.8b -1201±21 c 
SiHF2CI -953.5 -951.8 
SiHFCl2 -717.9 -718.8 
SiHC13 -487.2 -491.0 -489.5 a,e -489.sf -496.2±4.2d 
SiF4 -1607.1 -1602.9 -1615.0±4.2a,e 1615.8b -1615±lc 
SiCIF3 -1367.0 -1363.7 -1378.6' -1318±63d 
SiCI2F2 -1128.6 -1127.5 -1141.81 
SiCl3F -892.9 -894.2 -902.~ -841±62d 
SiCl4 -660.9 -665.6 -662.7a,e -662.8±1.3d 
aRef. 1. hRef. 3. '-Ref. 11. JRef. 10, "Ref. 2JRef. 4.gRef. 15. 
4.3.2 Ionization Energies 
It can be seen from Figure 2, due to Jahn-Teller effect, neutral chlorofluorosilanes 
with high symmetries such as Td (SiF4 and SiC4) and C 3v (SiF 3CI and SiFCI3) tend to 
distort to lower symmetries upon ionization. Similar distortion has been reported for the 
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carbon analogs.7 Interestingly, hydrogen-containing HCFSi cations may be described as 
complexes between HX (X is either F or Cl) moieties and the remaining part of the 
cations. Additionally, at the HF /6-31 G( d) level, the expectation value of the S2 operator 
«S2::::) for all cations are between 0.75 and 0.78, suggesting that spin contamination is not 
a problem in this case. 
Table 4: The G3 and G3(MP2) Ionization Energies (lE) , Electron Affinities (EA) at 
o K, as Well as Proton Affinities (PA) and Acidities at 298 K of HCFSia,b 
lE EA PAc Acidity 
Species (eV) (eV) (kJ mot!) (kJ mot!) 
SiHt 11.05 -1.43 631.5 1554.3 10.98 -1.41 636.0 1555.7 
[II.00±0.02]d [639.7Y (I558±8) 
( 11.65) (648) 
SiH3F 11.59 
-0.92 585.3 1555.4 
11.53 -0.93 588.4 1559.0 
(11. 7/ 
SiH3CI 
11.03 -0.61 634.3 1507.3 
10.99 -0.56 636.8 1507.6 
(11.4/ 
SiH2F2 
11.98 -0.88 552.1 1540.0 




11.36 -0.68 572.7* /601.9 1496.9 
11.31 -0.67 575.9*/605.0 1498.1 
SiH2C12 
11.09 0.26 622.9 1459.6 




12.58 -1.07 515.4 1492.0 




11.84 -0.52 541.7*/574.5 1457.3 
11.77 -0.52 545.1*/577.8 1458.9 
S iHFC 12 11.46 0.22 562.6*/595.4 1430.0 11.40 0.25 565.7*/598.5 1429.9 
SiHCl3 
11.15 0.28 614.9 1406.9 
11.10 0.32 617.7 1405.4 







































QThe G3 values are shown in bold font, and the G3(MP2) values are shown in italic font. bAll experimental 
data, given in bracket, are taken from Ref. 11, unless otherwise specified. For those species with multiple 
experimental entries, the preferred value is given in square brackets. cFor silanes with both chloro- and' 
tluoro-substituents, the P A value for protonation occurring at a tluorine atom is indicated with an asterisk. 
dRef. 14. eRef. 20. fIE taken to be the onset of the photoelectron band. gVertical ionization energies. hRef. 
21. iSee text. JRef. 12. kRef. 16. 'Ref. 22. 
Examining the IEs listed in Table 4, the G3 and G3(MP2) methods tend to yield 
IEs lower than the experimental data found in the literature. However, it should be noted 
that many of the quoted experimental IEs (such as those of SiH2F 2, SiH2Ch, and SiF 3CI) 
in Table 4 are vertical IEs. They should not be compared with the calculated adiabatic 
IEs; they are listed here for reference only. Also, many of the reported values (such as 
those of SiH3F, SiH3CI, SiH2F2, SiH2Ch, SiHF3, SiHCh, and SiF4) are of doubtful 
accuracy, according to the compilers of the data book. II In short, only the experimental 
IEs of SiH4, SiF 4, and SiCl4 are of sufficient accuracy for comparison with the 
G3/G3(MP2) results. Among these sets of quantities, there is an excellent agreement for 
the SiH4 results, while those for SiCl4 are only in fair accord. 
For SiF4, three fairly different experimental IEs are found in the literature. Among 
them, the one reported by Armentrout and co-workers l2 (15.29±0.08 eV) appears to be 
the most accurate. However, our calculated IEs are about 0.35 eV off this value. 
Furthermore, calculating at the MP4/6-31 G( d,p) level with an isogyric scheme, Schlegel 
et al5 obtained an lE of 15.34 eV for SiF4• In order to resolve the difference between the 
calculated results, we have calculated the lE of SiF 4 at a variety of levels with both direct 



































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Examining these results, it is seen that the direct subtraction method in general 
yields lower IEs (mostly by 0.5 eV or more) than the isogyric scheme. More importantly, 
the various methods fail to arrive at a consistent value for this lE. It appears that the 
agreement between Schlegel' s result and the experimental value may be fortuitous, since 
larger· basis sets and higher correlation levels (such as QCISD(T,full)/G3Iarge) fail to 
yield similar results. While it is difficult to pin down the reason for theory's failure to 
yield an accurate lE for SiF4, it is clear the problem lies with SiF4 + (recall that the G3 
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Figure 2. The structural geometries of the HCFSi cations optimized at the 
MP2(full)/6-31G(d) level, along with their symmetry point groups, and electronic 
states, all bond lengths are in Angstroms (A), and angles are in degrees ( 0 ). 
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Finally, it is noted that successive fluorine substitutions increase the lE from 
11.04 eV (for SiH4) to 12.58 eV (SiHF3). This steady increase is also found in the 
HCFM.7 In contrast, chlorine substitutions appears to have little effect on the IEs of the 
silanes, which suggesting that the HOMOs for the chlorinated silanes are essentially 
~.' ..... 
non"'-:bonding orbitals mainly localized on the chlorine atoms. 
4.3.3 Electron Affinities 
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Figure 3. The structural geometries of the HCFSi anions optimized at the 
MP2(full)/6-31G(d) level, along with their symmetry point groups, and electronic 
states, all bond lengths are in Angstroms (A), and angles are in degrees ( 0 ). 
The geometries for the 15 silane anions studied in this work are displayed in 
Figure 3. In contrast to the dramatic change of geometry arising from ionization, HCFSi 
only undergo slight distortion upon attaching extra electrons to form anions. In other 
words, unlike the structure of a silane cation, the structure of a silane anion does not 
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resemble a complex. At the HF /6-31 G( d) level, the expectation value <S-> for all anions 
ranges from 0.75 to 0.76, suggesting very little spin contamination. 
As mentioned previously, we have not been able to find any experimental EAs for 
the s_~!anes in the literature. Therefore, all the calculated EAs given in Table 4 await 
experi"mental confirmation. The EAs of many silanes (such as SiH4, SiH3F, SiH3CI, 
SiH2F 2, SiH2FCI, SiHF 3, SiHF 2CI, and SiF4) are calculated to be negative, implying that 
the anions are unstable. Such a result is not entirely unexpected, as the extra electron will 
be occupying high-lying anti-bonding orbitals. Take SiH3CI as an example: the Si-Cl 
bond in the neutral species measures 2.058 A, while the corresponding bond length is 
2.893 A in SiH3Cr. 
4.3.4 Proton Affinities 
Since the experimental PAs for the silanes found in the literature are quantities 
determined at 298 K, the G3/G3(MP2) PAs given in Table 4 are calculated using 
enthalpies (H298) instead of total energies (Eo). Similar to the protonated species of 
HCFM, protonation of a silane occurs at the halogen atom, except for SiH4. For silanes 
with both fluorine and chlorine ligands, protonation at either F or Cl is possible; both PAs 
are also reported in Table 4. As shown in Figure 4, a protonated silane cation can be 
described as a complex between HX and the remaining three-coordinated dehalogenated 
portion of the cation. 
For the HCFM, protonation occur preferentially at the fluorine atoms, rather than 
the chlorine atoms.7 Interestingly, the opposite trend is observed for protonated HCFSi. 
As an example, when a proton is attached to SiH2FCI, the formation of HCI·SiH2F+ is 
preferred over HF·CH2CI+. Furthermore, the X ... Si distance in the protonated species 
ranges from 1.82 A (in F3Si ... FH+) to 2.33 A (in CbSi ... CIH+). These X ... Si distances 
are shorter than the X ... C distances in the protonated methanes. These results indicate 
that the protonated silane cations are much stronger complexes than the corresponding 
methane cations . 
. Out of 15silanes studied, only two experimental PAs are found in the literature: 
639.7 kJ mot I for SiH4 and 502 kJ mor I for SiF4. Our G3 PA for SiH4 is 631.4 kJ mOrI, 
in good agreement with experiment. On the other hand, the G3 PA for SiF4 is 470.8 kJ 
motI, in poor accord with experiment. This failure may be related to the poor G3 lE 
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Figure 5. The structural geometries of the deprotonated HCFSi optimized at the 
MP2(full)/6-31G(d) level, along with their symmetry point groups, and electronic 
states, all bond lengths are in Angstroms (A), and angles are in degrees ( 0 ). 
4.3.5 Acidities 
The geometries of deprotonated silanes are displayed in Figure 5. As expected, 
the deprotonated silanes have a pyramidal structure. Examining the results reported in 
Table 4, it is found that the acidity of silanes decreases with increasing halogen 
substitution. This may be the result of the withdrawing of negative charge from the Si 
atom by the electronegative halogen(s). 
Out of the 10 silanes studied, two experimental acidity values and one upper 
bound are found in the literature. The G3/G3(MP2) acidities of Si~ (1554.4 and 1555.7 
kJ mol-I) are in excellent agreement with experiment (1558+8 kJ mot l). Meanwhile, the 
G3/G3(MP2) acidity for SiHF3 (1492.0 and 1495.3 kJ mot l) are in poor accord with the 
value (1446 ±14 kJ motl) listed in Lias' compendium. I I However, based on the 
experimental L1lf'f values for H+ (1528.0 kJ mot l ), and SiHF3 (1201±21 kJ mot l ) found 
in the same data book,ll as well as the experimental M-rf for SiF3- (1230±46 kJ mol-I) 
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reported by Kawamata and co-workers,13 we can arrive at an acidity value of 1493±46 
kJ mol- I for SiHF 3, which is in excellent agreement with the aforementioned G3 result. 
Finally, an experimental acidity upper bound « 1501 kJ morl) is reported I I for 
SiHCb. Our G3/G3(MP2) results, 1406.9 and 1405.4 kJ mol-I, are well below this upper 
bound. 
4.3.6 G3 versus G3(MP2) 
There are 76 independent energetic quantities reported in this work, namely, 15 
M-JO f values, 15 IEs, 15 EAs, 21 PAs, and 10 acidities. The average absolute deviations 
between the G3 and G3(MP2) results are 2.2 kJ mor I for the heats of formation, 0.04 eV 
(or 3.86 kJ morl) for IEs, 0.02 eV (1.93 kJ mor I ) for EAs, 3.2 kJ mot I for PAs, and 1.7 
kJ motl for acidities. The overall average absolute deviation for all 76 quantities is 2.7 
kJ morl. From this simple statistical analysis, it may qe concluded that, the G3 and 
G3(MP2) methods yield very similar results for the silanes, even though, as mentioned 
previously, theses methods have slightly different theoretical bases (such as full core vs. 
frozen core, the G3large basis against G3MP2large basis, MP4 vs. MP2 correlation, etc.). 
So, at least for the silanes and their ions, the G3(MP2) method is practically as good as 
the computationally more expensive G3 method. 
4.4 Conclusions 
The G3 and G3(MP2) methods have been applied to investigate the 
thermochemistry of hydrochlorofluorosilanes: 15 heats of formation, 15 IEs, 15 EAs, 21 
P As, and 10 acidities have been calculated. It is found that the calculated M-JO f values for 
the silanes are in good to excellent agreement with the available experimental data. In 
the literature only three accurate IEs for silanes are available. Upon comparing the 
G3/G3(MP2) IEs with experiment, it is found that there is very good agreement for Si~ 
and for SiCI4, but not for SiF4• The origin of the failure for the lE of SiF4 is not clear, 
even though this failure is not confined to the G3 methods. In the literature there are no 
experimental EAs for the silanes to compare with our calculated results. As far as the 
PAs are concerned, only two experimental data are found in the literature, one (that of 
SiH4) is in very good agreement with the G3 results, while the other one (that of SiF4) is 
about 30 kJ mot I off. This shortcoming may be related to the aforementioned failure for 
the lE of SiF4. Among the 10 acidities calculated, only two (those of SiH4 and SiHF 3) 
may be compared with experiment, and the agreement is excellent in both instances. 
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) . 
In summary, essentially all of the G3/G3(MP2) results obtained in this work are in 
good to excellent agreement with experiment. The only exceptions are those quantities 
involving SiF4 +. Since thermochemical data for the silanes are relatively scarce, the 
results reported here may be taken as reliable estimates. 
Table 6: The G3 and G3(MP2) Total Energies and Enthalpies (Eo and H29S, in 
hartree) of Neutral HCFSi as well as Their Cations and Anionsa 
Neutral Neutral Cation Anion 
Silane Eo H298 Eo H298 Eo H 298 
SiH4 -291. 708·54 -291.70463 -291.30280 -291.29806 -291.65621 -291.65214 
-291.42926 -291.42525 -291.02570 -291.02096 -291.37741 -291.37334 
SiH3F -390.98621 -390.98206 -390.56046 -390.55526 -390.95218 -390.94743 
-390.66211 -390.65796 -390.23831 -390.23310 -390.62802 -390.62327 
SiH3CI -751.22587 -751.22152 -750.82027 -750.81476 -751.20349 -751.19807 
-750.64246 -750.63810 -750.23846 -750.23294 -750.62201 -750.62327 
SiH2F2 -490.27538 -490.2-7081 -489.83516 -489.82956 -490.24306 
-490.23803 
-489.90683 -489.90226 -489.46893 -489.46333 -489.87393 -489.86890 
SiH2FCI -850.51005 -850.50522 -850.09248 -850.08656 -850.48492 -850.47972 
-849.88190 -849.87707 -849.46625 -849.46033 -849.85742 -849.85222 
SiH2Ch -1210.74692 -1210.74183 -1210.33931 
-1210.33307 -1210.75662 -1210.75062 
-1209.85950 -1209.85440 -1209.45349 -1209.44724 -1209.87048 -1209.86449 
SiHF3 
~589.56887 -589.56367 -589.10644 -589.10014 -589.52962 -589.52363 
-589.15582 -589.15062 -588.69598 -588.68969 -589.11639 -589.11040 
SiHF2Cl -949.80063 -949.79512 -949.36570 -949.35901 
-949.78148 -949.77545 
-949.12775 -949.12224 -948.69507 -948.68838 -949.10864 -949.10262 
SiHFCh -1310.03396 -1310.02814 -1309.61294 -1309.60592 -1310.04195 -1310.03538 
-1309.10156 -1309.09574 -1;08.68250 -1308.67548 -1309.11072 -1309.10415 
SiHCh -1670.26912 -1670.26296 -1"669.85955 -1669.85224 -1670.27938 -1670.27215 
-1669.07739 -1669.07124 -1668.66956 -1668.66225 -1669.08911 -1669.08189 
SiF4 -688.85771 -688.85177 -688.28274 -688.27593 -688.84072 -688.83441 
-688.40021 -688l}9427 -687.82605 -687.81924 -688.38324 -688.37692 
SiF3CI 
-1049.08931 -1049.08303 -1048.62167 -1048.61487 -1049.09015 -1049.08323 
-1048.37170 -1048.36542 -1047.90442 -1047.89762 -1048.37354 -1048.36662 
SiF2Ch -1409.32158 
-1409.31495 -1408.86869 -1408.86158 -1409.33605 -1409.32866 
-1408.34436 -1408.33772 -1407.89160 -1407.88450 -1408.35974 -1408.35235 
SiFCh -1769.55488 -1769.54787 -1769.11306 -1769.10554 -1769.57384 -1769.56604 
-1768.31812 -1768.31111 -1767.87622 -1767.86870 -1768.33838 -1768.33058 
SiCl4 -2129.78963 
-2129.78224 -2129.36127 -2129.35402 -2129.81203 -2129.80381 
-2128.29370 -2128.28631 -2127.86523 -2127.85799 -2128.31763 -2128.30940 
°The 03 values are shown in bold font, and the G3(MP2) values are shown in italic font 
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Table 7: The G3 and G3(MP2) Total Energies and Enthalpies (Eo and H 298, in 
hartree) ofProtonated and Deprotonated HCFSia 
Neutral Protonated Species Deprotonated Species 
Silane Cation Eo H298 nlon Eo H298 
SiH4 ~-~ . 2· SiH3+ -291.95030 -291.94513 SiH3 - -291.11650 -291.11259 
-291.67267 -291.66750 -290.39324 -290.83270 
SiH3F F·SiH3 + -391.21036 -391.20498 SiH2F 
- -390.39371 -390.38962 
-390.88742 -390.88208 -390.06821 -390.06416 
SiH3CI CI.SiH3+ -751.46852 -751.46308 SiH2CI 
-
-750.65176 -750.64740 
-750.88611 -750.88066 -750.06824 -750.06416 
SiH2F2 F·SiH2F+ 
-490.48682 -490.48110 SiHF2 - -489.68882 -489.68426 




-849.94003 -849.93510 SiH2FCI SiHFCI 
CI.SiH2F+ -850.74042 
-850.73422 -849.31140 -849.30648 
-850.11365 -850.10752 
CI.SiH2CI+ 
-1210.9852 -1210.9790 SiHCh - -1210.19111 -1210.18590 SiH2Cl2 
-1210.0987 -1201.0925 -1209.30383 -1209.29860 
SiHF3 F.SiHF2+ 
-589.76640 -589.75997 SiF3 
-
-589.00069 -588.99539 
-589.35480 -589.34837 -588.58636 -588.58108 
F·SiHFCI+ -950.00807 -950.00145 
-949.33649 -949.32986 SiF2CI 
-
-949.24581 -949.24005 SiHF2CI 
CI·SiHF2+ 
-950.02071 -950.01391 -948.57233 -948.56656 
-949.34912 -949.34232 
F.SiHCh+ -1310.24956 -1310.24262 
-1309.31836 -1309.31121 SiFCh - -1309.48960 -1309.48350 SiHFCl2 
CI·SiHFCI+ -1310.26191 -1310.25492 -1308.55725 -1308.55111 
-1309.33069 -1309.32370 
CI·SiHCh+ -1670.50449 -1670.49716 SiCh - -1669.73361 -1669.72710 SiHCh 
-1669.31384 -1669.30652 -1668.54248 -1668.53597 


















SiFCh -1768.53149 -1768.52309 
CI·SiFCh+ -1769.78030 -1769.77220 
-1768.54456 -1768.53646 
SiCl4 CI.SiCh+ -2130.02276 -2130.01425 
-2128.52759 -2128.51908 
aThe G3 values are shown in bold font, and the G3(MP2) values are shown in italic font 
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4.5 Publication Note 
We have prepared an article for the results reported in this work. This paper has 
been submitted to Journal of Physical Chemistry. 
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A Gaussian-3 Study of the Photodissociation Channels of 
Thiirane 
Abstract 
Ab initio Oaussian-3 (03) calculations have been carried out to examine the 
photodissociation channels of thiirane (C2&S) at 193 run. For the various dissociation 
reactions involving thiirane, the calculated 03 energetics (including reaction energies and 
activation barriers) are in good agreements with experimental data, obtained by our 
collaborators at Lawrence Berkeley National Laboratory. As a result of these good 
agreements, four photodissociation channels of thiirane have been established: 
C2H4S ~ C2H4 eAg)+ SeD), 
C2&S ~,C2H4 (IAg)+ S(3p), 
C2&S ~ C2H3 + HS, 
C2&S ~ C2H2 + H2S. 
Interestingly, some additional dissociation processes, also leading to the neutral 
fragments C2& and S(ID) or Sep), have exceedingly high experimental reaction barriers. 
These reactions are not likely to take place at the ground state of thiirane. These high 
experimental reaction barriers are in very good accord with our calculated excitation 
energies of thiirane. 
5.1 Introduction 
Thiirane, C-C2&S (hereafter abbreviated as C2&S), is a three-membered 
heterocyclic small molecule. The reactivity and the simplicity of its structure have been l . 
attracting a lot of interests in the last decade. 1-6 In addition, much efforts have been 
devoted on the experimental and theoretical studies of the difference in chemistry 
between thiirane and its oxygen analog, oxirane (c-C2H40).7-9 One of the important 
aspects of these studies is the photo fragmentation processes of these two molecules. 10-12 " 
U sing synchrotron radiation, our collaborators at Lawrence Berkeley National 
Laboratory have recently obtained seven pairs of neutral photodissociation products of 
thiirane at the 193 nm region. In the present work, the Oaussian-3 (03)13 molecular 
orbital theory, has been used to examine the structures and energetics of these neutral 
photodissociation products. In addition, based on the good agreement between the 03 
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energies and the experimental reaction barriers, four dissociation channels involving 
reaction barriers have been established: 
C2H4S ( IAI) ) C2H4 eAg) + SeD) (1 ), 
~ ........ C2H4S ( IAI) ) C2H4 (IAg) + S ep) (2), 
C2H4S ) H2CCH+HS (3), 
C2H4S ) HCCH+ H2S (4). 
Each of these channels will be discussed in the following sections. 
Besides the aforementioned dissociation channels, our collaborators have found 
some additional channels, involving exceedingly high experimental barriers, but also 
leading to the neutral fragments C2H4 and SeD) or Sep). A schematic energy diagram of 
the experimental results is shown in Figure 1. The dissociation processes involving high 
energy barriers are believed to take place at excited electronic estates. In order to 
examine thes~ channels, the energy profiles for the ground and excited states of thiirane 
have been constructed. From these energy profiles, the possible mechanisms for the 
dissociation process can be understood. 
5.2 Computational Methods 
All calculations were carried out on DEC 500au, COMPAQ XP900, and 
COMPAQ XP1000 workstations, as well as SGI Origin 2000 High Perfonnance Server, 
using the Gaussian 98 package of the programs. 14 The energies of the ground state 
species involved in this work are calculated by the G3 model of theory. 13 (details 
described in Section 1.2.) 
F or a species in an excited electronic state, the excitation energy (relative to the 
ground state) was calculated using the time-dependent DFT method (TD-DFT).15 In this 
method, the geometry was optimized at the B3LYP/6-31G(df) level. 
For atomic sulfur, the G3 energy of its ground state ep) was calculated in the 
usual way. However, the energy of its excited state ID apparently could not be calculated 
by the package of programs used in this work. Hence, to obtain the G3 energy of this 
excited state, we simply added the experimental energy difference L1EeD-3p) to the G3 
energy of 3p. According to Moore's compilation,16 L1EeD-3p) for sulfur atom is 25.9 
kcal mot l . 
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5.3 Results and Discussion 
The energy diagram showing all observed product channels from 193 nm 
dissociation of thiirane along with barrier derived from experimental results is displayed 
in Figure 1. The structural formulas of the neutral stable species involved in this work, 
--",,-
along with their symmetry point groups and electronic states, are shown in Figure. 2. 
Energy (kcal Imol) 
150 193 nm (148 kcallmol) 
120 
--r-_C-=2--,H2=-S_+_2_H_ (117) 
~ __ H ..... 2C_=_CH-",2,,-+_H_S_(82) 
60 (56) ---~---lr-l~ 
30 ~ __ C=-2H-=2~+_H-=-2S ___ (27) 
O~------------------~------------------
Figure 1. Energy diagram showing all observed product channels from 193 nm 
dissociation of thiirane along with barrier derived from experimental results. 
The calculated G3 energy (Eo(G3», standard heats of formation (Mi f) at 0 and 
298 K of various species inv~lved. in the dissociations of thiirane (1) are summarized in 
Table 1. With the aid of these results, it is possible to establish the dissociation channels of 
thiirane. 
5.3.1 The Heats of Reactions 
As mentioned above, six primary dissociation processes of thiirane fragments 
taking place under the 193 run radiation excitation are found by our collaborators. The 
experimental and G3 calculated heats of reactions at 0 K (Mlro) for these processes are 
given in Table 2. 
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Table 1: The G3 Total Energies (Eo), Enthalpies (H298) , and Standard Heats of 
Formation at 0 and 298 K (i1Wro and Ilir fl98 ) of Various Species Involved in the 
Dissociation of Thiirane 
Eo H298 Mrro ~f298 
SQe_~ies (hartree) (hartree) (kcal mor I ) (kcal mor I ) 
Equilibrium structures 
C2H4S (l)Q -476.55949 -476.55521 23.0 20.3 
-476.56296 -476.55837 20.8 18.4 
S ep) -397.96111 
H -0.50100 
CH2CH2S (2) -476.47639 -476.47093 75.1 73.2 
C2H4 (I Ag) (3)Q -78.50601 -78.50200 15.3 13.4 
-78.51298 -78.50875 10.9 9.2 
CH2CHSH (4) -476.49966 -476.49448 60.5 58.4 
C2H2 (5) -77.27728 -77.27311 54.3 54.5 
H2S (6) -399.23787 -399.23408 -3.5 -4.5 
H2CCS (7) -475.35444 -475.34975 48.0 45.8 
CH2CHSH (8) -476.46328 -476.45748 83.3 81.7 
HS (9) -398.59483 -398.59153 34.0 34.1 
CH2CH (10) -77.83308 -77.82091 71.5 75.8 
C2H3S (11) -475.89880 -475.89452 72.1 69.9 
C2~ eB 1U) (12) -78.40144 -78.39663 80.9 79.5 
Transition structures 
TSaQ -476.42742 -476.42164 105.8 - 104.2 
TSb -476.46468 -476.45979 82.5 80.2 
TSc -476.4655i. . -476.46081 81.9 79.6 
TSd -476.42495 -476.41931 107.4 105.6 
TSe -476.42963 -476.42406 104.5 102.6 
QThe entries given in italic font for these species are G3 energies calculated based on the structures optimized at the 
MNDO level. 
In Table 2, it is seen that, except the channel leading to the formation of 
C2H4eB lu) and Sep), the absolute difference between the G3 and experimental heats of 
reactions are within 2.2 kcal mor I. Thus the reaction products proposed i~ Table 2 are 
supported by excellent quantitative results. 
51 
Table 2: The G3 and Experimental Heats of Reaction at 0 K (LlJIrlJ) Involved in The 
Primary Dissociations of Thiirane. 
LlH n>(Expt.) LlHn>(G3) 
Dissociation Channel kcal mort kcal mort 
C2H4S -----7 C214(3B,u) + Sep) 114 123.6 
C214S -----7 C214('Ag) + S(,D) 83 83.9 
C2H4S -~ C214(' Ag) + S(3P) 56 57.9 
C214S -----7 C2H3S + H 98 100.2 
C2~S -----7 H2CCH + HS 82 82.6 
C2H4S -----7 HCCH + H2S 27 27.8 
Regarding the process leading to the formation of C2H4 eB, u) and Sep), our G3 
LlHn> is 123.6 kcal mor'while the experimental LlHn> is 114 kcal mort. The source of 
such a large difference may be related to the calculated results for C214(3B,u). 
For the only secondary dissociation reaction (C2H3S -----7 C2H2S + H) observed 
in the experiment, the G3 LlHro is 27.2 kcal mol-', which is in poor accord with the 
experimental value (19 kcal mort). The reason for this failure is not clear yet. 
s s 
/\ / 
.. c-c .. 
H;7 ~H H'IC-C~~H 
1 (Cb 'A,) 2 (Cs, 3 A") 
s .. 
'c cl '''H H-C===C--H 
H/ 'H 
4(CI 'A) 5 (D..,h, '~+g) 
H 
*. 
H" ··s / c c=s H/ H'.IC- C'H H--S 




/c c" H\~C-C, 
H H H H 
H 
"" .. ,\\ H C-C '" 
,/' ""H H 
10 (Cs, lA' ) 11 (Cl, 2 A) 12 (D2d, 3B 1u) 
Figure 2. Structural formulas of the various species involved in the dissociations of 
thiirane, along with their symmetry point groups and electronic states. 
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5.3.2 The Dissociation Channels Taking Place at the Ground State 
In this section, we consider the mechanisms of the dissociations of thiirane which 
take place at the ground state. 
(1) 
The potential energy surface for this dissociation channel is displayed in Figure 3. 
I t is seen that C 2v symmetry is maintained during the dissociation process. In other 
words, the two C-S bonds cleave simultaneously. This concerted dissociation process 
has also been observed in previous experiments. l2 
It is worth mentioning that the transition structure (TSa) of this dissociation 
process can only be located at the MNDO semi-empirical level of theory. 6 This may be 
due to the 1 D electronic state of atomic sulfur playing an important role in TSa. 
Unfortunately, the program package we uS,ed in this work is unable to handle the singlet 
atomic sulfur. Consequently, we have resorted to the semi-empirical method to locate 
this transition structure. All the G3 calculations for this channel are based on the 
structure optimized at the MNDO level. 














" , I 




H/ 1.337 H 
Figure 3. Potential energy surface showing the possible 
mechanism for dissociation C2H4S ~ C2H4(lAg) + S(lD). 
The G3 reaction barrier is 85.1 kcal mor l ,. which is in very good agreement with 
the experimental value, 88 kcal mort. 
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Figure 4. Potential energy surface showing the possible 
mechanism for dissociation C2H4S ~ C2H4( 1 Ag) + S(3p). 
(2) 
The potential energy surface of this dissociation channel is shown in Figure 4. 
The total multiplicity of the dissociation products is triplet, while the multiplicity of 
thiirane is singlet. Normally, change of total spin number is forbidden in 
photodissociation processes. However, in this reaction, the presence of the sulfur atom 
increases the possibility of intersystem crossing, which makes this forbidden channel 
feasible. As a result of intersystem crossing, a triplet species 2 is formed. This species 
with an open structure then undergoes elimination of sulfur via TSb to yield C2Ht( 1 Ag) 
(3) and S(3P). 
The G3 barrier for reaction (2) is 59.5 kcal mor 1, which is in fairly good 
agreement with the experimental measurement of 63 kcal mor 1• 
(3) 
The potential energy surface for this dissociation channel is displayed in Figure 5. 
Vinyl mercaptan (4) is formed via TSc. Intersystem crossing in 4 leads to triplet vinyl 
mercaptan (8). Through TSd, the C-S bond in 8 cleaves. This cleavage leads to the 
formation ofHS (9) and CH2CH (10). 
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The G3 reaction barrier of this channel is 84.4 kcal mOrI, which is in very good 
agreement with the experimental result of 86 kcal mOrI. 
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Figure 5. Potential energy surface showing the possible mechanism for 
dissociation C2H4S ~ C2HJ + HS. Note that 8 and TSd are triplet 
species. 
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TSe 1.2]]-s 
~ - \ 
.. \ 2.557 
, \ 
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~C 
H/ 1.328 'H 
27.8 
Figure 6. Potential energy surface showing the possible mechanism 
for dissociation C2H4S ~ HCCH + H2S. Also, the structure of TSc is 
shown in Figure 5. 
(4) 
The potential energy surface for this dissociation channel is displayed in Figure 6. 
As in the previous dissociation channel, thiirane passes thorough TSc and to fonn vinyl 
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mercaptan (4). Then, through a four-membered ring transition structure (TSe), H2S (6) 
is eliminated to yield C2H2 (5). 
The reaction barriers calculated to be 81.4 kcal mor l, which is in excellent 
agreement with the experimental result of 81 kcal mor 1 • 
~" ...., 
5.3.3 The Dissociation Channels Taking Place at Excited States 
As mentioned before, three additional dissociation channels, denoted as a, b, and c 
in Figure 1, that also leading to the neutral fragments of C2H4et Ag), and set D) or S(3P), 
have been observed in the experiment. These dissociation channels are believed to take 
place at excited states. In order to study these dissociations, energy profiles for the 
ground and excited states ofthiirane have been constructed by the TD-DFT method, and 
they are displayed in Figure 7. 
Rclativc Encrgy (kcal mol-I) 
300.0 ; -
250.0 r _ . 
I 
200.0 : 





1.5 2.5 3 3.5 4.5 
S -C Distance 
Figure 7. Singlet potential energy profiles for dissociation C2H4S ~ 
C2H4eAg) + SeD), maintaining C2v symmetry throughout. 
In Figure7, the black arrow denotes the adiabatic transition between the ground 
state etAl) and the first excited state etA2) of thiirane. This excitation energy is 108.5 
kcal mor l, which is in good agreement with the experimental dissociation energy of 107 
kcal morlfor channel b shown in Figure 1, leading to products C2H4(IAg) and SetD). 
This calculated excitation energy is also close to the experimentally estimated 
dissociation energy, --106 kcal mor 1, for channel c, which leads to the formation of 
neutral fragments C2H4etAg) and Sep). The white arrow in Figure 7 denotes the 
transition between the ground state eAl) to the second excited state eB l) ofthiirane. This 
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calculated excitation energy is 125.0 kcal mot l , which is in good agreement with the 
experimental dissociation energy, 123 kcal mot l , for channel a, leading to the fonnation 
of products C2H4eAg) and SeD). 
The agreement between the TD-DFT and experimental results implies that the 
firsl -step for these dissociation channels should be the electronic transitions from ground 
state to either the I A2 or the I B 1 excited state. Subsequently, by either interconversion or 
intersystem crossing, the dissociations proceed at the ground state or other lower lying 
excited states. 
5.4 Conclusion3 
Based on the good to excellent agreements between the G 3 results and the 
experimental values, we have established four the photodissociation channels of thiirane 
at the ground state. For the dissociation channels at the excited states, the TD-DFT 
method has been used to resolve the excitation energies involved in these channels. 
5.5 References 
1. Gill, P.M.W.; Weatherall, P.; Radom, L. J. Am. Chem. Soc., 1989, 111, 2782. 
2. Bachrach, S.M.; Salzner, U. J. Mo!. Struct. (Theochem), 1995, 337, 201. 
3. Jensen. F.; Greer, A.; Clennan, E.L. J. Am .. Chem. Soc., 1998, 120, 4439. 
4. Wiebe, H.A.; Knight, A.R., Strausz, o.P.; Gunning, H.E. J. Am .. Chem. Soc., 1965, 
87, 1443. 
5. Chin, W.B.; Ek, B.W.; Mok, C.Y.;" Huang, H.H.; J. Chem. Soc. Perkin. Trans.2, ---
1994, 883. 
6. Mckee, M.L. J. Am. Chenil.Soc:, 1986,108) 5059. 
7. McAlduff, E.1.; Houk, K.N. Can. J. Chem., 1977,55 , 318. 
8. Dewar, M.J.S.; Ramsden, C.A. J. Chem. Soc. Comm., 1973, 688. 
9. Coonan, M.H.; Craven, I.E.; Hesling, M.R.; Ritchie, G.L.D. J. Phys. Chem., 1992,96, 
7301. 
10. Liu, F.; Qi, F.; Gao, H.; Sheng, L.; Zhang, Y.; Lau, K.C., Li, W.K. J. Phys. Chem. A, 
1999, 103, 4155. 
11. Kim, H.L.; Satyapal, S.; Brewer, P.; Bersohn,R. J. Chem. Phys., 1999, 91, 1047. 
57 
12. Felder, P; Wannenmacher, E.AJ.; Wiedmer, I.; Huber, lR. J Phys. Chem., 1992, 96, 
4470. 
13. Curtiss, L.A.; Raghavachari, K.; Refem, P.C.; Rassolov, V.R.; Pople, J.A. J Chem. 
fhys., 1998, 109,7764. 
14. Frisch, M.J.; Trucks, G.W.; Schlegel, H.B.; Scuseria, G.E.; Robb, M.A.; Cheeseman, 
J.R.; Zakrzewski, V.G.; Montgomery, J.,J. A.; Stratmann, R.E.; Burant, J.C.; 
Dapprich, S.; Millam, J.M.; Daniels, A.D.; Kudin, K.N.; Strain, M.C.; Farkas, 0.; 
Tomasi, 1; Barone, V.; Cossi, M.; Cammi, R.; Mennucci, B.; Pomelli, C.; Adamo, C.; 
Clifford, S.; Ochterski, .1.; Petersson, G.A.; Ayala, P.Y.; Cui, Q.; Morokuma, K.; 
Malick, D.K.; Rabuck, A.D.; Raghavachari, K.; Foresman, lB.; Cioslowski, J.; Ortiz, 
J.V.; Baboul, A.G.; Stefanov, B.B.; Liu, G.; Liashenko, A.; Piskorz, P.; Komaromi, I.; 
Gomperts, R.; Martin, R.L.; Fox, D.J.; Keith, T.; AI-Laham, M.A.; Peng, C.Y.; 
, 
Nanayakkara, A.; Gonzalez, C.; Challacombe, M.; Gill, P. M.W.; Johnson, B.; Chen, 
W.; Wong, M.W.; Andres, J.L.; Gonzalez, C.; Head-Gordon, M.; Replogle, E.S.; 
Pople, J.A. GAUSSIAN 98; Revision A7 ed.; Gaussian, Inc.: Pittsburgh PA, 1998. 
15. Stratmann, R.E.; Scuseria, G.E.; Frisch, MJ. J Chem Phys., 1998,109, 8218. 
16. Moor, C.E. Atomic energy Levels; National Bureau of Standards: Washington, D.C., 
1952; Vol. I. 
17. Lias, S.G.; Bartmess, J.E.; Liebman, IF.; Holmes, IL.; Levin, R.B. J Phys. Chem. 
Re! Data, 1988, 17, Suppl. 1. 
58 
Chapter 6 
A Gaussian-3 Study of the VUV Photoionization and 
Photodissociation of Chloropropylene Oxide 
Abstract 
Ab initio G3 calculations have been carried to investigated the energetics of 
photo ionization and dissociative photoionization of chloropropylene oxide. Combining 
these results with the experimental photoionization efficiency spectra of ions : C3HsO+, 
CHO+, C2H4 +, C2H3 +, C2H2 +, CH3 + and CH20H+ obtained by our collaborators at the 
University of Science and Technology of China and National Synchrotron Radiation 
Laboratory in China, we are able to establish the dissociation channels of 
chloropropylene oxide. In these seven proposed channels, one of them involves 
transition structures and reaction barriers, and the remaining six of them are regarded as 
simple bond cleavage reactions. 
6.1 Introduction 
In the last chapter, the Gaussian-3 (G3) method} has been applied to study the 
photodissociation processes of thiirane (C4H4S). In this chapter, the G3 method will be 
used to investigate the photo ionization and dissociation processes of another 
three-membered ring species. 
The oxirane system (1 ,2-epoxy functional group containing species) is a basic 
and simple heterocyclic unit with polar covalent bonds in the ring. This three-membered 
ring, which bearing a strong ring strain and undergoing ring open reaction easily, induces 
a high reactivity to the oxirane system. Combined the experimental data, obtained by our 
collaborators at National Synchrotron Radiation Laboratory in China, with the theoretical 
results calculated at the Gaussian-2 level,2 our research group has successfully 
investigated the photoionization and photodissociation processes of ethylene oxide 
(oxirane) and propylene oxide (methyl oxirane).3,4 
Chloropropylene oxide (chloromethyl oxirane), c-C3HsCIO (hereafter 
abbreviated as C3HsCIO), has the same symmetry (Cl) as the above-mentioned 
propylene oxide. However, only a few experimental studies for this species have been 
found in the literatures-8 and most of them were focusing on the ionization energy (IE)S-7 
of C3HsCIO only. Recently, a study of photoionization and photodissociation for 
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C3H5CIO in the vacuum ultraviolet (VUV) regIon, uSIng VUV dissociative 
photoionization technique and synchrotron radiation source, has been carried out by our 
collaborators. In their experiments, the photo ionization efficiency spectra for ions 
C3H50+, CHO+, C2H4+, C2H3+, C2H2+, CB3+ and CH20H+ have been obtained. 
=. - It should be noted that C3H5CIO contains a very strong electronegative chlorine 
atom in the molecule, and thus its photoionization and dissociative photo ionization 
processes are different form those of other epoxy compounds. In addition, the apparent 
energies (AEs) obtained by our collaborators are not in very good accord with the results 
obtained in previous experimental work8 using electron impact ionization technique. 
Motivate by the aforementioned success of the oxirane, methyl-oxirane, and 
thiirane, theoretical study for the photoionization and photodissociation processes of 
C3H5CIO has been carried out by using the G3 method. In this work, seven dissociation 
channels have been identified: 
C3H5CIO+ ) C3H50+ + Cl, (1) 
C3H5ClO+ ) CHO+ + C2H4 + Cl, (2) 
C3H5CIO+ ) C2H4 + CHO + Cl, (3) 
C3H5CIO+ ) C2H3+ + CH20 + Cl, (4) 
C3H5CIO+ ) C2H2 + CH20 + H + Cl, (5) 
C3H5ClO+ ) CH3+ + CH2CO + Cl, (6) 
C3H5ClO+ ) CH2OH+ + C2H2 + Cl. (7) 
Among these proposed dissociation channels, only one of them, reaction (7), 
involves reaction barriers, and a reaction mechanism for this reaction has been proposed 
in this work. The remaining six channels ~re regarded as direct dissociations. 
On the other hand, however our collaborators fail to determine the lE for 
C3H5ClO, three lE values, rarging from 10.60 to 10.66 eV, have been reported in the 
literature. 5-7 Our G3 lE is in good agreement \tvith these reported IEs. 
6.2 Computational Methods 
All calculations were carried out on DEC 500au, and DEC 600au Compaq XP900 
and Compaq XP1000 workstations and SGI Origin 2000 High Performance Server, using 
the Gaussian 98 package9 of the programs. In general, the structures of the species 
involved in this work were optimized at the second-order M011er-Plesset theory (MP2) 
using the 6-31 G( d) basis set with all electrons included for correlation, i.e. at the 
MP2(full)/6-31 G(d) level. However, according to the experimental result, C3H50+ 
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maintains its ring structure after the parent cation dissociating the Cl atom. This C3H50+ 
fragment does not have a stable ring structure at the MP2(full)/6-31 G(d) level of theory. 
Instead, the MP2(full)/6-31 +G(d) level of theory was chosen to optimize the structure of 
the ~ationic species involved in this dissociation reaction, i.e. C3H50+ and C3H5CIO+. 
The energies of all the species involved in this work were calculated using the 
Gaussian-3 (G3) method21 • (details described in Section 1.2) 
6.3 Results and Discussion 
All the measured apparence energies (AEs) of the fragments ions C3H50+, CHO+, 
C2H4 +, C2H3 +, C2 H2 +, CH3 + and CH20H+ for the photoionization and dissociative 
photoionization of chloropropylene oxide, are displayed in Table 1. The structures of the 
stable species with three or more atoms involved in this work, along with their electronic 
states, are shown in Figure 1. 
Table 1: Appearance Energies (e V) Measured in the Photodissociation of 
Chloropropylene Oxide 
m/e Ion This work 
92/94 C3H5CIO+ b 
57 C3H5O+ 11.45 ± 0.02 11.4 
31 CH3O+ 13.33 ± 0.03 13.4 
29 CHO+ 11.54 ± 0.03 12.0 
28 C2H4+ 13.87 ± 0.03 13.6 
27 C2H3+ 12.86 ± 0.03 14.0 
26 C2H2+ 16.10 ± 0.04 16.6 
15 CH3+ 13.13 ± 0.03 14.6 
°Oata obtained using electron impact ionization technique, taken from Ref 8. hThe reported lE values of 
chloropropylene oxide found in the literature include 10.64 (Ref. 5), 10.60 (Ref. 6), and 10.66 eV (Ref. 7). 
The G3 total energies and enthalpies, as well as the standard heats of fonnations 
at 0 and 298 K, for the species involved in this work are given in Table 2. In order to 
gauge the accuracy of the G3 results, we have also tabulated the available experimental 
heats of formation for easy comparison. 
The calculated G3 lE of chloropropylene oxide, energies of six dissociation 
reactions, and reaction barrier of one dissociation reaction are tabulated in Table 3. The 
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corresponding experimental reaction energies (f1E, where t1E = AE - rE) measured in this 
work are also given in this table. For the dissociation reaction leading to the formation of 
CHzOH+, three TSs have been located, and the potential energy surface for this reaction 
is displayed in Figure. 2. 
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Figure 1. The structural formulas of the various polyatomic stable species (with 
three of more atoms) involved in this work, along with their symmetry point groups 
and electronic states. 
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Table 2: The G3 Total Energies (Eo), Enthalpies (H298) , and Standard Heats of 
Formations at 0 and 298 K (t1JlO ro and t1JlO f298)a of Various Species Involved in the 
Dissociation of Chloropropylene Oxide (C3HsCIO) 
Eo(G3) H298(G3) MrfO Mrf298 
S:Qccies {hartree2 {hartree2 {kJ morl2 {kJ morl2 
Equilibrium structures 
C3H5ClO (1) -652.40939 -652.40321 -93.6 -108.4 
(-108±4) 
C3H5CIO+ b (2) -652.02188 -652.01549 923.8 909.6 
-652.02186 -652.01547 923.8 909.7 
C3H 5o+ b (3) -191.99676 -191.99138 893.9 881.5 
CH2OH+(4) -114.69938 -114.69552 719.6 713.l 
(718.0±1.7)C 
CHO+(5) -113.49199 -113.48854 826.7 827.7 
(825.6) 
C2H4+ (6) . -78.l1545 -78.l1123 1089.3 1082.0 
(1074) (1066) 
C2H3 + (7) -77.51838 -77.51406 1125.5 1122.7 
(1120) (1112) 
C2H2+ (8) -76.85688 -76.85305 1330.8 1331.0 
(1328.5) (1327.9) 
CH3+ (9) -39.42928 -39.42548 1100.5 1097.1 
(1098) (1093.3±0.4) 
Cl -459.99096 -459.98860 
C2H2 (10) . -77.27727 -77.27311 227.l 228.2 
(228.6) (228±1) 
C2H4 (11) -78.50601 -78.50200 63.9 56.l 
(60.7) (52.2±1) 
CHO (12) -113.79139 -113.78758 40.7 42.5 
(44.8) 
CH20 (13) -114.43077 -114.42695 -106.6 -108.9 
(-104.7) (-108.7±0.7) 
CH20H (14) -114.97585 -114.97165 -6.3 -11.9 
(-9.0±4)d 
CH2CO (15) -152.50641 -152.50189 -46.3 -47.5 
(-44.6) (-47.7±2.5) 
c-C(CH2)OHCH2+ (16) -192.00902 -192.00376 861.7 849.0 
CH2CCH20H+ (17) -191.99572 -191.9894 896.6 886.7 















°Experimental values, where available, are given in brackets. All experimental values are taken form Ref. 10 unless 
state~· 9therwise. hCalculated energies based on the structures optimized at the MP2(full)/6-31+G(d) level of theory are 
given-in italic font. cRer. 11. dRef.12. 
6. 3.1 Ionization Energy 
Since, according to experiment, C3H5CIO+ is very unstable, C3H5CIO will 
dissociate into the C3H50+ and Cl immediately and directly upon ionization. Thus, our 
collaborators were unable to obtain the adiabatic lE for C3H5CIO experimentally. 
However, three experimental IEs of C3H5CIO, 10.64 eV,5 10.60 eV,6 and 10.66 eV7 are 
found in the literature. According to our G3 calculations, the adiabatic IE(G3) of 
C3H5CIO is 10.54 e V, and this value is in fair accord with the aforementioned 
experimental IEs. In the following, we use the G3 lE to calculate the experimental 
reaction energies (L1E). 
Table 3: Experimental and Calculated Ionization Energies (lE) and Energies of 





10.64,Q 10.60/ 10.66c 
Simple bond cleavage reactions 
(1) C3H5CIO+ (2) --7 C3H50+ (3) + Cl 0.91 ± 0.02 
(2) C3H5CIO+ (2) --7 CHO+(5) + C2t4 (11) + Cl 1.00 ± 0.03 
(3) C3H5CIO+ (2) --7 C2H4 +(6) + CHO (12) + Cl 3.33 ± 0.03 
(4) C3H5CIO+ (2) --7 C2H3 +(7) + CH20 (13) + Cl 2.32 ± 0.03 
(5) C3H5CIO+ (2) --7 C2H2 +(8) + CH20H (14) + Cl 5.56 ± 0.04 
(6) C3H5CIO+ (2) --7 CH3 + (9) + CH2CO (15) + Cl 2.59 + 0.03 
Reaction involving reaction barriers 
(7) C3H5CIO+ (2) --7 CH20H+ (4) + C2H2 (10) + Cl 2.79 ± 0.03 












6.3.2 Dissociation Channels 
Seven dissociation channels are proposed in this work. Out of these seven 
channels, only one, (7), involves TSs, while the remaining six are regarded as "simple 
bond cleavage reactions." The dissociation reactions involving only cleavage of bond(s) 
are ~summarized below: 
LiEl 
C3H5CIO+ (2) ) C3H50+ (3) + Cl (1) 
LiEl = AE(C3H50+) - IE(C3H5CIO) = 0.91 ± 0.02 eV; 
LiE2 
C3H5CIO+ (2) ) CHO+ (5) + C2R. (11) + Cl (2) 






C3H5CIO+ (2) ) CH3+ (9) + CH2CO (15) + Cl (6) 
LiE6 = AE(CH3+) - IE(C3HsCIO) = 2.59 ± 0.03 eV; 
From Table 3, it is seen that, except reaction (5), our G3 dissociation energies are 
in good to excellent agreement with the experiment. On the other hand, for reaction (6), 
only a fair agreement has been obtained (the experimental reaction energy LiE5 is 0.17 eV 
higher than the G3 result). In view of this relatively poor result, we attempted to locate 
plausible TS( s) for this reaction, but we found none. 
Finally, we consider the dissociation channel (7): 
LiE7 
C3HsCIO+ (2) ) CH20W (4) + C2H2 (10) + Cl (7) 
LiE7 = AE(CH20H+) - IE(C3HsCIO) = 2.79 ± 0.03 eV; 
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The energy profile of this reaction is shown in Figure 2. 
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Figure 2. Potential energy surface showing the possible mechanism for 
dissociation C3HsCIO+ ~ CH20H+ + C2H2 + Cl. 
In order to yield CH20H+ (4), C2H2 (10), and Cl, C3HsCIO+ (2) first dissociates 
the chlorine atom to yield C3HSO+ (3). Cation 3 then undergoes a hydrogen transfer, 
through TSa, to form 16. Ring opening of 16, and through ISb, leads to the formation of 
17. Upon 1,2-hydrogen shift and through TSc, cation 17 forms 18. Cation 18 may be 
considered as a complex between C2H2 and CH20H+, the distances between the carbon 
atom on the CH20H+ moiety and the two carbon atoms on the C2H2 moiety are 2.478 and 
2.406 A. Ihis complex then dissociates to fonn CH20H+ (4) and C2H2 (10) directly, at a 
relatively low energy cost, 0.49 eV. The overall reaction barrier is calculated to be 2.71 
eV, in very good agreement with the experimental dissociation energy, 2.79 ± 0.04 eV. 
6.4 Conclusions 
By carrying out ab initio G3 calculations, we have investigated the energetics of 
photoionization and dissociative photoionization of chloropropylene oxide. Combining 
these results with the experimental photoionization efficiency spectra of various 
fragments obtained by our collaborators in China, we are able to establish the dissociation 
channels leading to the formation of the following ions: C3H50+, CHO+, C2H t, C2H3 +, 
C2H2 +, CH3 + and CH20H+. Among these proposed dissociation channels, one of them 
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involves reaction barriers, while the remaining six are regarded as simple bond cleavage 
reactions. 
6.5 Publication Note 
~_~ _ We have prepared an article by combining with the experimental data obtained by 
our collaborator at the University of Science and Technology of China and National 
Synchrotron Radiation Laboratory in China. This paper has been submitted to Journal of 
Physical Chemistry. 
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In this thesis, high-level ab initio molecular orbital calculations have been applied 
.', 
to several interesting chemical systems to obtain information on their molecular 
structures and thermochemistry. As conclusions have been drawn in each of the chapters, 
we will not comment on the systems studied here. 
The main parts of the first three projects included in this thesis, i.e., "Energetics 
and Structures of the Carbonyl Chloride Radical, Oxalyl Chloride, and Their Cations", 
"An Isomeric Study of N 5, N 5 +, and N 5 -: A Gaussian- 3 Investigation", and 
"Thermochemistry of Hydrochlorofluorosilanes: An Ab Initio Gaussian-3 Study", are 
accomplished using the G3 method. In addition, the parallel G2/G3(MP2) calculations 
have also been carried out in these projects. In general, fair to excellent agreement 
among the G2, G3 and G3(MP2) results and available experimental data has been 
obtained. 
Based on the G2/G3/G3(MP2) results obtained in these studies, comparisons of 
these theoretical methods have been made. In general, the G3 results are in better 
agreement with available experimental data than the G2 results; on the other hand, both 
G3 and G3(MP2) yield very similar results. Thus, the less computationally demanding 
G3(MP2) can be taken as a good alternative to the conventional G3 method. 
Based on the experimental data obtained by our collaborators, the G3 method has 
also been applied to the studies of photodissociation reactions for thiirane and 
dissociative photoionization of chloropropylene oxide. In general, good to excellent 
agreement between the G3 results and the experimental data has been observed in these 
studies. 
Since most of the G3 results obtained in this work are in good to excellent 
agreement with available experimental data, and, based on the previous successes of the 
G2 and G3 methods, the unexpected large discrepancies between experimental and 
calculated results for some quantities reported in the thesis may not be due to the failure 
of the theoretical model. Rather, these discrepancies suggest that the experimental results 
may be inaccurate and deserve a re-examination. Moreover, the G3 method is a newly 
proposed theoretical procedure, and only a few studies using this procedure have been 
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reported. Hence, the good agreement between the G3 results and experimental data 
reported in this thesis may be taken as the evidence for the success of the G 3 theory. 
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AppeodixA 
The Gaussiao-o (0 =1-3) Theoretical Models 
The mathematical details of the Gaussian-1 (G 1), Gaussian-2 (G2), Gaussian-3 
~.~ .... 
(G3) methodologies as well as the variant of the G3 method, G3(MP2), are presented 
below. 
A.I The GI and G2 Theories 
Both the Gland G2 energies are the approximation of the energy calculated at the 
ab initio QCISD(T)/6-311 +G(3df,2p) level. Both methods involve geometry 
optimizations at the HFI6-31G(d) and MP2(full)/6-31G(d) level vibrational frequencies 
calculation at HF 16-31 G( d) for the zero-point vibrational energy (ZPVE) and thermal 
corrections, and a semi-empirical higher-level correlation (HLC). Based on the 
optimized MP2(full)/6-31 G( d) geometry, several single-point energy calculations are 
performed, and the Gland G2 energies are given as follows. 
The G 1 energy: 
E(G1) = Ebase(GI) + ~E(QCI) + ~E(+) + ~E(2df) + 0.893 x ZPVEHF + HLCGI, 
where Ebase(GI) = E[MP4SDTQI6-311G(d,p)], 
~E(QCI) = E[QCISD(T)/6-311G(d,p) - MP4SDTQI6-311G(d,p)], 
~E(+) = E[MP4SDTQI6-311 +G(d,p) - MP4SDTQI6-311G(d,p)], 
~E(2df) = E[MP4SDTQI6-311G(2df,p) - MP4SDTQI6-311G(d,p)], 
ZPVEHF = ZPVE at HF 16-31 G( d), 
HLCG1 = -5.95x10-3na - 0.19x10-3n~, and na~ n~, 
(1) 
na and n~ are the numbers of a and ~ valence electrons, respectively. 
where ~1 = ~(+2df) - ~(+) + ~(2df) , 
~(+2df) = E[MP2/6-311 +G(2df,p) - MP2/6-311G(d,p)], 
~(+) = E[MP2/6-311+G(d,p) - MP2/6-311G(d,p)], 
~(2df) = E[MP2/6-311G(2df,p) - MP2/6-311G(d,p)], 
~2 = E[MP2/6-311 +G(3df,2p) - MP2/6-311 +G(d,p)]. 
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(2) 
Expressing E(G 1) in eq.(2) explicitly: 
E(G2) = Ebase(GI) + ilE(QCI) + ilE(+) + ilE(2df) + ill + il2 + 0.893 X ZPVEHF + HLCG2 
= Ebase(Gl) + AE(QCI) + ilE(+) + ilE(2df) + il + 0.893 X ZPVEHF + HLCG2 (3) "(, 
where il= ill + il2 = E[MP2/6-311+G(3df,2p) - MP2/6-311G(2df,p)-
.. ~ MP2/6-311 +G( d,p) + MP2/6-311 G( d,p)]., 
HLCG2 = HLCG2 + 1.14X10-3np = -4.81x10-3na - 0.19x10-3np,. 
A.2 The G3 Theory 
The G3 method, as the G2 and G 1 theories, requires geometry optimizations at 
the HF/6-31G(d) and MP2(full)1 6-31G(d) levels and vibrational frequencies 
calculations at HF 16-31 G( d) for ZPVE and thermal corrections. Based on the optimized 
MP2 geometry, several single-point energy calculations are carried out. However, there 
are significant differences between the G2 and G3 theory. First, the double zeta basis is 
used, i.e. 6-31 G( d), instead of triple zeta basis, i.e. 6-311 G( d), in the conventional G2 
method, to obtain the QCISD(T) and subsequent MP4SDTQ single-point calculations. 
Second, the single-point energy calculation of MP2/6-311 G(3df,2p) in the G2 method 
has been replaced by the MP2(full)/G3Iarge. This replacement is accompanied with the 
inclusion of all electrons at the MP2 level of calculation and more polarization functions 
on second-row (3df) but less on first-row element (2df) in the G3large basis set. 
Finally, the G3 total energy is targeted at the QCISD(T,full)/G3Iarge and given as : 
The G3 energy: 
E(G3) = Ebase(G3) + L\E(QCI) + L\E(+) + ~E(2df) + ~E(G3Iarge) + ilE(SO) + 
0.893 + ZPVEHF + HLCG3, (4) 
where Ebase(G3) = E[MP4SDTQ/6-31 G( d)], 
ilE(QCI) = E[QCISD(T)/6-31G(d) - MP4SDTQ/6-31G(d)], 
~E(+) = E[MP4SDTQ/6-31+G(d) - MP4SDTQ/6-31G(d)], 
~E(2df) = E[MP4SDTQ/6-31G(2df,p) - MP4SDTQ/6-31G(d)], 
~E(G3Iarge) = E[MP2(full)/G3Iarge - MP2/6-31G(2df,p) - MP2/6-31+G(d) + 
MP2/6-31G(d)], 
HLCG3 = -9.279x10-3np - 4.471 xl 0-3(na-np). and -9.345x10-3np - 2.021x10-
for molecular and atomic species, respectively, ~E(SO) is spin-orbit 
correction for atomic species, and is taken from experiment or 
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accurate theoretical calculations in the case where no experimental 
data are available. 
A.3 The G3(MP2) Theory 
In the G3(MP2) procedure, the basis-set-extension corrections is obtained at 
MP2level, instead of the MP4level in G3, thus eliminating the MP4 calculations: 
The G3(MP2) energy: 
E(G3(MP2)) = E[QCISD(T)/6-31G(d) + ~EMP2 + ~E(SO) + HLCG3(MP2) + (5) 
ZPVEHF] 
where ~EMP2 = E[MP2/G3MP2Iarge - MP2/6-31G(d)], 
HLCG3(MP2) = -6.386x10-3n~ - 2.997x10-3(na-n~). and -6.219x10-3n~-
1.185 xl 0-3 (na -n~) for molecular and atomic species, respectively. 
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Appendix B 
Calculation of Enthalpy at 298 K, H 298 
The theoretical energies obtained with the Gaussian-n methods refer to isolated 
~" ", 
molecules at 0 K with stationary nuclei, while thermochemical measurements are carried 
out with vibrating molecules at finite temperature, usually 298 K. Hence, comparison of 
theoretical results with experimental data normally requires zero-point vibrational energy 
and thermal corrections. From statistical mechanics, and assuming ideal gas behavior, 
the difference between the enthalpy at finite temperature (HT) and the energy at 0 K (Eo) 
is given by 
3 
where E/rans = -RT 
2 ' 
ETrot = i RT (for a non-linear molecule) 
2 
ETrot = RT (for a linear molecule) or 0 (for an atom) 
E vib - E vib E vib T - T - 0 
3n-6 hv. 
= L I , where v/ s are scaled harmonic frequencies. 
i exp(hvil kI)-1 
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